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PREFACE

This report was prepared by M. K. Wa hi and H. 11. Straub of the Boeing Commercial Airplane
Company under a USAF Contract F33657-74-C-0 129 (extended). The program was divided
into three tasks. Task I involved the formulation of a tire correlation model, a test outline to
validate the model . establishment of a friction prediction subsystem specificat ion criteria and
evaluation of existing ground vehicles. This report describes all aspects of the work performed
in completing Task I of this contract. The work described herein was performed from May
1975 to December 1975.

Task II involved a sensitivity analysis of airplane braking distance on the Boeing Brake Control
Simulator for the USAF B-52 , KC-135 and F-I II airplanes to validate the general prediction
model developed in the previous contracted effort. Task Ill required establishing compatibility

• between Task II and Task I subsystems and recommend a test program to verify the effective-
ness and reliability of this Total Braking Prediction System (TBPS). The work conducted
under Tasks II and Ill of t h is contract was performed from August 1975 to December 1976
and is reported in ASD-TR-77-6, volumes I and II.

The authors are indebted to Messers N. S. Att n . W. G. Nelson and A. J. P. Lloyd for their
guidance and technical contribution as respective program managers at various stages of the
contract.

The authors are also indebted to Messers. W . V. Tracy, ASD/ENFEM, D. B. Treinblay, ASD/
ENFE, Lt. Col. R. Kennab , ASD/AEAA and Capt. R. Cauley, AFCEC/EMR of the USAF for
their program support .   
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SUMMARY

This report describes the effort completed to:

• Determine parameters that most significantly influence tire-runway wet friction.

• Formulate a m odel that could be used to predict tire-runway wet friction.

• Recommend a tire test program to validate the prediction model.

• Develop a specification for a Friction Prediction Subsystem and evaluate existing ground
vehicles.

During Task Ia , a thorough literature survey was conducted to establish the range of Type
• VI I tires in use, types of runway surfaces in use and a list of numerous factors effecting tire-

runway interface phenomenon. Both commercial and military aircraft tires and runways
were studied.

The initial list of parameters was reviewed and reduced by eliminating those involving direc-
tional control, those relevant to fluid drag and spray patterns (take-o ff problems) rather than
to braking force and by grouping interdependent terms. The resultant list is:

• Peak ava ilable ground friction (p)

i -th .• Tire aspect ratio i~ -~
——

~p, groove dept h (dt r ), inflation pressure (p), vertical load (Z)

• S Fluid depth (1%) and density (p)

• Runway m icro and macro texture (dtx )

• Forward ground speed (V)

Subsequently a prediction model was developed that correlates with existing tire test data to
within ± 5’% . The model consists of a prediction equation expressing the relationships
between seven dimensionless groups (p1 terms) needed to define the tire-runway interface
friction. The equation is of the form :

C, C3 C4 C5 C6 C7(w i ) = C1 (it7 ? (-7r3) (,r4) (1r~) (in6) (717)

w here 
~~~ 

= (p), (it2) = ( — ~~-~ Or3) (-~~~-), (ir4) = (-~ --~ (in5 ) = (-
~~~

-),

(it6) (Z/ pDf i,~
)4 (in7 ) = (PV 2D2Iz)

and C 1 through (‘7 are experimental constants to be determined from tire test results.

xii
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During Task lb. a test program was outlined to substantiate the conclusions of Task Ia.P The recommended test plan is compatible with the two existing tire test facilities at NASA
Langley and Naval Air Test Facility, Lakehurst, N. J.

Assuming that the recommended test data will be collected and that the prediction model
will be va lidated in its present form or improved upon as necessary, a specification criteria
was estab lished for a Friction Prediction Subsystem (FPSS), under Task Sc. The principal
requirement remains to dynamically simulate the tire-runway interface by using a ground
vehic le equipped with an aircraft type of tire and a skid control system.

• Under Task Id, var ious ground vehicles in use today were evaluated using the specification
criteria just described. All of the vehicles can provide various types of information on run-
way slipperiness but fail to meet the established criteria. The inability of any vehicle to
generate reproducible results makes them incompatible with the desired prediction accuracy
in wet runway operations.

•
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j SEC~ION I

INTRODUCTION

Under previous efforts of this contract (ref. 1) a prediction model was formulated using
dimensional analysis. The prediction equation (p. 101 , ref. 1) had a general format:

(S~/~ 2 ) = C (~ )a (CL/CD)P (P ’9~
ó/ ~~g2) 6

The equation permits the calculation of the airplane stopping (braking) distance,
provided information on airplane and weather parameters and an accurate and meaningful
measurement or predictio n of the tire -runway frictio n coefficient was available, it was
realized that a Friction Prediction Subsystem (FPSS) was needed to generate the itali-
cized information. The present effort is one such step in that direction. Figures 1 and 2

• • 
depict the basic program plan.

A large number of tire sizes are used under a broad range of loads, and inflation pressures
on modern aircraft (Tables A-I to A-3, Appendix A.). A summary of the range of tire param-
eters is shown in Table I. The runways used by these aircraft , have a variety of texture and
roughnesses, (Tables B-I to B-4 , Appendix B) that significantly contribute to the level of
friction generated at the tire runway interface especially under wet conditions. A summary
of ’ the range of runway parameters is shown in Table 2.

An appreciation of the factors that may influence road hold* may be gained from Fig. 3
This model representing tire road hold has been derived from the variables listed by a
number of authors as being important in the road hold phenomenon (ref. 2-7). There are
four main factors influencing road hold: tire, pavement , lubricant , and operating condition.
These have been sub-divided into forty-seven variables which are listed in Table 3. Certain
of t hese variables within each of the groups inter-relate with others in the group and even
with variables outside the group. For example, t ire tread surface degradation (IS) is
directly related to the compound antidegradent system (12) and hence to the tread sur-
face condition (14), which is a function of the mode of operation of the tire at any instant
in t ime. The interdependency of variables within different groups is illustrated by the way
the pavement macro-texture (28) governs the lubricant film depth (22) together with the
water dispersal efficiency of the tire tread pattern design (5).

This model although appearing complex is essentially simplified. There is a whole
technology based industry concerned with improving the reinforcing properties of carbon
black (9) represented in the model by one sphere, yet carbon black could have been sub-
divided into structure , particle size, surface activat ion, etc. Many of the individual
var iables illustrated could be subdivided in a similar manner.

TIme plienomenology of’ friction and factors affecting the available tire-ground coefficient of
fr iction are detailed in Appendix C.

Here the ter m road hold implies tire-runway interaction under various operating condit ions.)

‘4
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- LubricantOperating conditions
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Roadhoid
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0 Pavement
1 Lubricant

Tire

.4

Figure 3.—Model of Factors Effecting the Roadhold Phenomenon.
(Adapted from Reference 7)
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Table 1.— Range of Type VII Aircraft Tire Parameters

Range 
— 

Air lane
Parameter From To From To

Tire size, in. 18 x 5.5 56 x 16 Lear jet B-52

Aspect ratio .66 .91 F4 F.14

Speed, mph 175 275 AlA F104

Inflation pressure, psi 100 360 Lear jet F4B

• Loads, lbs 4000 76000 Lear jet B-52

Common parameters

• Cross ply design

• Reinforced rib (AR)

• 4 or 5 circumferential grooves

• Tubeless
• • Natural rubber base

• Used on main gears

Table 2—Range of Runway Parameters

Surf ace: Asphalt or concrete
Treatment: • Plant mix Marshal asphalt

Conventional German antiskid coat
Grooved Porous friction course
Slurry seal Crushed rock

.004 in. to .09 in.
Texture depth

(.10mm) (2.25 mm)

lreatment applicable to asphalt and/or concrete. (See tables B-i to B-4.)

4
5
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Table 3.—Inter- Relating Factors that Contribute to the Roadhold Phenomenon (key to Fig. 3)

Tire 1. Tire load Pavement 26. Surface texture
2. Tire i nflation 27. Micro-texture

ores sure 28. Macro-texture
3. Tire size 29. Resistance to
4. Tire construction poli shing by traffic

& design 30. Resistance to
5. Tire tread oattern abrasion & crushing

design strength
6. Tire tread corn- 31. Weathering char-

pound subdivided as: acteristics
7. Chemical formula- 32. Temperature

tion 33. Thermal propert ies
8. Pol ymer type 34. Matri x properties
9. Carbon black type ‘ 35. Contamination

10. Curing system
Operating 36. Traffi c density11. Other inqredients Condit~~~ 37. V e locity12. Anti-degradent

system 38. Tire slip, peak
or l ocked wheel13. Physical prooerties conditions

14. Tr ead surface condi- 39. Site designtions
40. Prevailing climatic15. Surface deqradation conditions

16. Chemical/physical 41. Testing vehicleabsorotion design
17. Therma l properties 42. Method of measure-
18. Dynamic properties ment

___________ 

19. Surface temperature 43. Stopping distance
44. Deceleromete rLubricant 20. Visc osity
45. Cornering fo rce21. Surface tension coefficient

22. FIlm deoth 46. Braking force
23. Film strength coefficient
24. Temperature 47. Towed vehicle

(impending slide )25. ImpurIties
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Due to the apparent complexity of the problem, it was dec ided to limit the scope of the
present analysis by considering only:

a) Wet Runways (only water , no rubber , dirt , salt , oil deposits etc.)

b) Braked Rolling (no yawed rolling/directional control)

c) Peak ~m or umax (no locked wheel situations) -

dl Texture depth (no individual asperities, shape , roundness, arrangement etc.)

This helped reduce the number of variables to be considered for model formulation. The list
• of ’ parameters was further trimmed down by grouping interrelated variables and excluding

those having more relevance to fluid drag and spray patterns rather than friction force. Some
parameters, although important , could not be included in the final model due to non existence
of ’ any relevant test data e.g. viscosity and density variation of contaminant mixtures. Using
conventional dinlentional analysis techniques the number and form of the dimensionless
groups , or pi terms were obtained.

Statist ical curve fitting techniques were used to develop a relationship (or equation) between
dependent and any other independent variable while all other parameters are held constant.
This process was repeated for each variable. These component equations were then combined
to form a prediction equation, provided the necessary and sufficient conditions generated
during the analysis were met (Appendix G).

The above correlation concept will only be meaningful if sufficient test da ta are develo ped ,
under controlled conditions, to prove the feasibility. Accordingly a test program has been

k outlined. Recommendations have been made with regard to test conditions, variables to be
measured and modes of tire operation to be explored to prove the feasibility of utilizing the
prediction model to calculate aircra ft stopping distance. The two existing tire test facilities,
NASA Langley Loads Track , Hampton, Virginia and Naval Air Test Facilities, Lakehurst,
New Jersey have been evaluated for their capabilities and compatibility with the desired test
conditions.

TIme prediction model and the resulting test program recommendations have been used along
with reference I results to establish a general specification for a Friction Prediction Subsystem.
All existing ground vehicles used for assessment of runway friction have been evaluated against
this specification and recommendations have been made for possible modifications.

‘I
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SECTION II
SELECTION OF PERTINENT PARAMETERS

Figure 4 is a flow chart where each block represents a major step of analysis in the formulation
o t he prediction equation.

Table 4 lists significant parameters after excluding those that are outside the scope of the
present work. The list is based on parameters discussed in Appendix (‘ and for reasons
spelled out in introduction. The following paragraphs present reasons for further refinement
of the list.

1. TIRE TREAD COMPOUND

Pneumatic tires usually contain a variety of rubber compositions, each designed to contrib-
ute some particular factor to overall performance. RUbbeT compounds designed for a
specific function will usually be similar but not identical in composition and properties,
although in some cases there can be significant differences between compounds in tires of
various types. TIme guiding principle in development of rubber compositions for tires is to
achieve the best balance of properties for a particular type of tire service (ref. 8).

Tire manufacturers over the years have each developed their own treau com pounding
mixes and formulas and consider th is as proprietary information. However , it is recognized
tl mat all aircrat’t t ires are manufactured from natural rubber based polymers and their com-
pounding from one manufacturer to the next one does not vary extensively, it will there-
fore not be considered as an independent variable for model formulation.

2. FLUID VISCOSITY AND DENSITY

As stated under the 3-zone concept (see Appendix C) the retarding forces developed in
zones I and 2 are respectively dependent upon the density and viscosity of t h e  fluid.
However , their contribution to the available tire ground coefficient of frictio n is much smaller
than timat of’ zone 3 where the bulk of effective retarding force is generated. The var~ tion of
these two paramneters should be that of the viscosity and density of the contaml~inated mix-
ture of rain water , sleet , grit , mud, salt , detr itus, grease, t ire rubber, fuel and so on. No
meaningful test data is available even for individual contaminants. As a result, they cannot
present ly be considered as independent variables for the mode). However, during dimensional
analysis, density is retained for dimensional homogeneity anu not as an independent variable.

3. PAVEMENT TEXTURE (See also Appendix C)

A n umber of researchers (ref. 9-16) have generally agreed that large-scale (macro-) texture
largely affects the rate at which friction decreases with increased speed. On the other h and
t Ime level of friction at a given speed, particularly at low speeds, is mainly a function of the
fine-scale (micro- I texture. Micro-texture has been generally considered an inherent character-
istic of individual aggregate particles, w hereas macro-texture is taken as the rougmmness of the
aggregate - matrix combination.

U
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Table 4.—Significan t Parameters

Tire 1. Tire ioad Pavement 
- 

12. Micro-texture
2. Tire inflation pressure 13. Macro-texture
3. Tire size 14. Resistance to polishing
4. Tire construction and by traffic

desi gn 15. Resistance to abrasion
5. Tire tread pattern and crushing strength

6. Tire tread compound 16. Weathering Characteris-
tics

7. Polymer type (natural .
synthetic) 17. Temperature

8. Surfac e degradation Operating 18. Velocity
(tread wear) Conditions 19. Tire slip. peak or locked

Lubricant 9. Viscosity wheel conditions

10. Density 20. Braking force coefficient

11. Film depth

l0
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Surface texture et ’fects on ~ are treated in references 17 and 18. Figure 5 gives an indication
of the variation of’ ~ with velocity t’or various surface types which are defined in Figure 6.
T u e surface types (A , B, C. D and E) represent classes of runway hav ing different surface
macro-texture depths but all with essentially harsh micro-textures. Figure 6 lists macro-
texture depths for a large number of runways and divides these into five classes; time average
texture depth of each class is approximatel y that represented by the corresponding typ ical
surface (ref. 19- 25) .

An illustration of the effect of a smooth micro-texture is given in Figure Co. (Appendix C).
Such situations can arise it ,

I ) A runway is constructed using a rounded or polished gravel aggregate - a comparatively
rare event ,

2) A roadway is used as a runway, since the higher traffic density on roads makes
polishing of time surface material a severe problem.

3) A runway has large areas of smooth polished surface .

In the ligh t of the above discussion it was decided to use the runway macro-texture depth
as the independent surface parameter .

4. OTHER PARAMETERS

Loss of friction is usually most severe during the first 2 years after construction (ref. 26) .
Thereafter , time rate of polislming decreases and eventually reaches a stable level of smooth-
ness. Most runways in imse today are at least two years old.

Time only form of rubber abrasion under wet conditions, called scoring (ref.7), is related
to time content of carbon black in the tread. In the absence of any meaningful quantita-
tive data , its inclusion is not justified. Finally, weathering and pavement temperature effects
on friction have been shown to be related to time surface texture , already included in the list.

Time parameters not discussed in the preceding paragraphs are independent variables and are
included in t ime final list of the pertinent variables, Table 5.
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Table 5.—Pertinent Parameters

Variables Notation

Peak available mu 1.~
Forward ground speed V
Tire inflation pressure p
Tire tread depth dt,.

• Tire outside deameter D
Tire width w
Tire vertical load ZI Runway macro-texture depth 

~~
Fluid depth h 

~~~~~ —,

4 
I 5

N
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SECTION III
DEVELOPMENT OF PREDICTION MODEL

I. DIMENSIONAL EQUATION

Having identitled the pertinent and independent variables, Table 5 , the first and most
important step m torming a prediction model has been completed. The second step is to
expre ss tile dependent variable as a function of the independent variables so that:

= F (V , p. d t~, D, w , Z , dt~ , h, p) (I

where p = fluid density, and has been included only for dimensional homogeneity, not
as an independent var iable.

The dimensional matri x that can be formed for the fundamental units (mass, length, and
time) of tile ten parameters in Eq. I is of rank 3, so that , according to Buckingham’s ir
theorem (ref. 27), these would yield seven independent ir terms. By inspection and analysis,
t hey can be written 

*
(p), (d t x / D), (d t r/ D), (hI D), ~~~ , (Z/ pD.r~5 ), and (pV 2D2/z),

Thus:

(IA ) = F/dtx , dtr, h , D-d, Z , pV 2D2 \ (2)
D 2w pD~~~~ Z /

or 
~~~ 

= F ,r,,ir3, ir4, ,r5, ,r6, ir7 ) (2a)

where : (11~~) = (p 4 )

(112 ) = (d tx /D)

(113) = (dtrfD )

(114) = (hI D)

1115 )  = (Dd/ iw )

(116) = (Z/pD~TD )

(117) = (pV
~

D
~/~

)

d is the wheel or rim diameter and (~~~4is defined as the tire aspect ratio.
-w
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Appendix D shows the detailed analysis of arriving at Eq 2 and Eq 2a. The application of
dimensional analysis, including the pi theorem, leads to a type of equation involving an
unknown function, 01 which Eq 2 is an example. Before a prediction equation can be
formulated , the nature of t he function must be determined.

The general nature of the function (ref. 27) can be shown to be
CI C-, C3 C

a = C~~a~ ~2 a3 a~ ~ (3)

in which the dependent variab le, a , is expressed as a dimensionless coefficient (Ca) multi-
plied by the product of the pert inent independent variables, each raised to the appropriate
power. The nature of coefficient C~ must be determined experimentally. Also, the expo-
nents C 1, C, etc. are to be determined from test data.

2. LITERATURE SEARCH FOR EXISTING TIRE-TEST DATA

The complexity of friction phenomenon is evident from the number of variables involved.
lo date it has not been possible to express many of these quantities in rigorous form. It
is t herefore tile practice of authors to simply describe all materials and geometry of test
devices together with test results (ref. 28). The nature of the present study necessitated
the sorting of t he wide range of conditions that influence available friction and then an
attempt to express t he magnitude of each effect. Unfortunately, t he influence of runway
surface variables is usually measured by one type of test , tire variables are measured by
another type of test and other var iables may be measured by a third. To make matters
worse, many authors repeat parts of their work over severa l papers presented to conferences,
symposia , annual meetings of societies etc. Key concepts may appear as the closing sen-
tence in a lengthy paper .

• Wi th  this in mind a thorough literature survey in the general area of tire-road interaction
was undertaken with an intention to extract as much usable data (for model use) as
possible . A summary of the resulting tire test data used for this survey is shown in Appendix
E as Figures E I through E9 and Table E-l. (See refs . 18 , 21 , 50, 52 , 53, and 54 for addi-
tional details). Numerous other test data are ava ilable but cannot be used for the model
under consideration. Even though attempts were made to use only aircraft tire test data ,

• some automotive t ire data had to be included e.g. Fig. E-4 . as no such data is available for
aircraft tires. Also the automotive tire data used is for p skid (locked-wheel) conditions
while all other data is P peak type . Virtually no aircraft tire test data and very little on
automotive tires is avai lable on the aspect ratio e ffects. Data for model use was therefore
generated from two test points availab le at each speed (refs. 53 and 54).

_ _ _ _ _ _  _ _ _ _  
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‘I Many other prudent engineering judge mnents had to be made as to the quahtitative nature
of basic test data required for model verification but missing from the test reports containing
the subject data. Caution must therefore he practiced such that the material presented in
this report is used only in its technical context (i.e. as a working concept) and not in its
numerical content until model verification has been conducted e.g. through Task lb recom-
mendations.

Appendix Ii also shows the calculations of 11 terms using raw data read from Figures El
through E9 , along wit h other basic data , in tabulated form.

— 
• 3. COMPONENT EQUATIONS

Tile best procedure for eva luating a function is to arrange the observations so that all but
one of tile pi terms containing the independent variables in the function remain constant.
Then the remaining independent pi term is varied to establish a relationship between it and
t he dependent variable (w~ term). This procedure is repeated for each of the pi terms in the
funct ion; the resulting relationships between Il l and the other individual pi terms are called
component equations. Stat istical curve fitting computer programs were used to generate
the component equations (see Appendix F). A summary of the equations is listed in
Table 6.

4. GENERALIZED FUNCTIONS

When t he component equations have been determined, they are combined in a certain
manner to give a general relationship. It is possible for some of the component equations
to be combined by multiplication, while others require addition in the formation of the
resultant prediction equation. In general, these two methods are adequate for the majority
of engineering problems. For the problem on hand, the nature of available data (multiple
sources, variety of test conditions, both automotive and aircraft tires, laboratory and actual
runway tests etc .) prevented a rigorous analysis as to which of the two methods should be
used. Based on past experience it was decided to use the multiplication method and revise
it if necessary w hen more data becomes available to validate the model. Table G-l ,

• Appendix C shows a List of possible combinations of sets of component equations to
form prediction equations, each set having six equations. Tile necessary and sufficient
conditions to be met for t he function to be a product were developed and translated
into tests of va lidity. Again, these tests of validity cannot be tried until a systematic
set of data under contro lled test conditions (i.e. data obtained for all p1 terms on one tire,
one surface etc. ) is made available. All aspects of the development of prediction equations
discussed in this paragraph are detailed in Appendix G. The major equations of interest

• are repeated in succeeding paragraphs.

to- 1) = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(52)
where the bar denotes a constant (held) value.
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p Table 6.—Summary of Component Equations

V-Knots Equation Eq. Type of
___________ _________________________________ 

No. Surf ace

25 to- i ’ 1.3757 (1r2)~
7046 (4)  Al l

50 (111 ) 1.0633 (1r2
).7887 (5)

75 (o-j) .5994 (o-2).7265 (6)

100 (11
1
) = .1337 (7r2r

3361 (7)

25 (in )  = .4659 (ir3)~
1200 (8) A l l

50 (Ill) = .4181 (113
) .2501 (9) H

75 (11
1
) = .2281 (o-3

) .2234 (10)

100 (li
i
) .1O3~ (in3

)’1192 (11)

25 (111) = .3650 (ir4)~~
0714 (12) A

50 (11
1
) = .1005 ~~~~~~~~ (13)

75 (in ) = .0532 (ir4)~~
4113 (14 )

100 (li
i
) = .0290 (in4)’~• 5376 (15)

25 (in )  = .4246 (in4)~~
0742 (16) C

50 (in1 ) = .2159 (in4)’~
1864 (17)

75 (ill ) = .0910 (ir4)~~
3
~~
0 ( 18)

100 (11
1 ) = .0509 (ir4Y~~

4645 (19)

• 25 = .3990 (ir4Y ’~
518 (20) E

50 (in 1 ) = .2472 (1r4)
_ .177 3 (21)

75 (in ) = .1001 (in4)~~~
’
~~ (22)

100 (in1 ) = .0716 (in4)~~
4254 23)

25 (111) = 4~)98 (irs ) .3089 
(24) All

• 50 (Ill ) = .4096 (in5) 
.6450 (25)

75 (111 ) = .4303 (115) 
1. 3555 (2 6)

100 (in1 ) .4979 (in5 ) 3.0071 
(27)



Table 6.—Summary of Component Equations (Concluded)

V-Knot s Equation Eq. Type of
____________ __________________________________ 

No. Surface

25 (11
1
) = .5536 (in6) .1117 (28) A

50 (11
1

) = .4502 (116) 
.2002 

(29)

75 (in 1 ) = .3609 (116) .2204 (30)

100 (111 ) .2825 (116) 
. 1942 (31 )

25 (in 1 ) = .7633 (116) .1665 (32) C

50 (111 ) = .6312 (in6) .1602 (33)

75 (11
1

) = .4583 (116) .1257 (34)

100 (in 1 ) = .3332 (116) .0992 (35)

25 (11
1
) = .8890 (116) .1855 (36) E

50 (
~ 1~ = .7956 (11

6
) 

.1482 (37 )

75 (111) = .7241 (116) .1254 (38)

100 (in 1 ) = .6699 (116) 
.1110 (39)

50 psi (111 ) = .3473 (in7Y~
3129 ( 0) A

100 (111 ) = .3170 (117) .2455 (41)

200 (in 1 ) = .2899 (ir7Y~
2308 (42)

30) (111 ) = .2394 (in7)~~~
2546 (4 3)

• 50 (in 1) = .4466 (in7)~~
244 3 (44) C

100 (111 ) = .4118 (in7)~~~
251 5 (45)

200 (111) = ~~~~ (in7)~~~
2469 (46 )

300 (111 ) = .3399 (117) - .2214 (47) “

50 (111 ) = .7150 (w7)~~
06403 (48) E

100 (o-~
) = .6889 (in7 ) 

-.05716 (48)

200 (in ) • .626~ (in7) 
_ • r)4~~ (50)

300 (111 ) .554R (117) - .0345 (51 )

)
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The analysis shows that the value of the constant term C is of the form:

c =  ( 53)

Thus the prediction equation is of the form:
• F (w 2 -’ir 7 ) =

F (in,. O 3~~17) F (13, in2 ’in
7) 

F (114, 1n2~ 117) F (ins, ff,-’117) F (116, ~2~
0 7) F (117, mr2~~

16)

(54)
The equations constituting a test for the validity of Eq 54 are shown to be (see Appendix G):

f F (in-,, f
3
-’in

7) 
F (113, i~i’in7) F (in4, i12~~’in7) F (in5, 112~~ 7) F (116, ~~~~~~[ [F(ff,-+117)]5

F (7r~ , 7r3 ’1n7 ) F (113. in,’~in7) F (114, 
~“2~~ 7~ 

F (115, ‘~2~~ 7~ 
F 

~
o-6’ 0’2~~

7) 1 (55)

• or: [Foi2-47)]
5 J

f F (13, i2—~ff7) F (in4, in2~~117) F (in5, ~2 ”~7~ 
F (116, 0 2~~ 7) F (117, in2~~’in6)

I [F(~2—*i~7)]
S —

F(in3, 
~2 ”~7~ 

F (in4, m12~~ 7) F (in5, ~‘,-*i7) F(in6, ~, f f7)F(in7 , ,—*j~6) 
~ 

(55a)
J

The values 
~, and are values of 12 and 117 held constant at some value other than i

and 
~~~

. Thus from the observed data:

in = pV 2D2 
(a V = 25 knots the primary set of data , for

example

= 
pV 2D2 

(‘~ V = 50 knots

= P.Y..
2
Q (a V = 75 knots Supplementary sets of data

= 
pV 2D2 

~ V = 100 knots

2 1A 

~~~~~~~~~~~~~~~~~~~~~~ — —
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li the supplementary sets of data satisfy either Eq. 55 or 55a , time general equation can be
formed by multiplying the component equations together and dividing by the constant , as
indica ted in Eq. 54.

Another test of va lidity is to calculate the value of the constant C of Eq. 52. The test requires
that any of the SiX component equations (see Table G-l) should yield an identical value for C.
For reasons given in earlier paragraphs the two validity tests were assumed to be applicable.
The value of constant C for each prediction equation was calculated from a product function
of the values generated by six component equations of each set , see Appendix G. It should be
emphasized here that these values of constants are theoretical and that the true values can
only be generated from a complete set of controlled test conditions. Table G-2, Appendix G
shows the calcula ted values of “C” for the 48 possible prediction equations and Table G-3,
Appendix C shows the corresponding prediction equations. The four prediction equations
in each set e.g. Eq. G-9, C-b , G-1 I and G-12; Eq. G-l3 -G- 16 and so on (see the combin-
ation Table G-4 ) generated solutions that were within ± 1% of each other. It was therefore
possible to average these 48 equations into 12 (prediciton) equations as shown in Table G-5.
Each of these I 2 equations is applicable to a type of surface i.e. A, C or E and a given velocity
i.e. 25 . 50, 75 or 100 knots. The next logical step was to determine if these equations were
interc hangeable for a given type of surface i.e. each equation being applicable for the full
velocity range. The analysis showed that this could be achieved with full success in some
equations and wit h partial success in others by modifying the velocity pi term. Accordingly,
applicable equations were modified and are shown in Table 7.
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SECTION IV
MODEL TO RAW DATA CORRELATION

The prediction equations were next used to correlate back with the raw data used in the
model formulation . A summary of errors in correlation is listed in Table 8.

For a given surface (type), the three prediction equations are interchangeable, alternate
solutions for m l. the dependent variable in the prediction equation. Thus Eq. 52 , 55 and
58 are interchangeable although their prediction accuracies are different at different velo-
cities ( see Table 8). Similarly Eq. 53 , 56 and 59 are interchangeable and so are Eq. 54, 57
and 60. Eq. 55, 56 and 57 yield the best results for the three surfaces at all velocities and
are therefore the best solutions for use.

The formulation of the prediction equation has been accomplished with the use of dimen-
sional analysis. A complex dynamic process has been defined by means of dimensional
terms and the resulting equation appears with the general format

(111 ) 
= Ca(112)P (113)7 (iT

4)
6 (ir 5 )E (116)~ 

(117)~

where exponents 
~~, 

‘y, 6, e, 
~ 
,i ~ and constant Ca are to be determined from experimental

data and additionally Cais a function of in2, 113,114,115,116,117. Thus, information about• variables held constant (while varying one at a time) is mandatory to be abbe to calculate
Ca and engineering judgement (reasonable assumptions) was made in the present analysis about
missing numerical information. Therefore tests of validity cannot be performed unless test
data is collected under fully controlled conditions for all parameters on a given tire.

Having established the prediction equation and assuming its validity, it can then be used
— along with the brake control simulator for airplane sensitivity studies to arrive at the effective

Mwet for a given set of conditions as shown in Figure 7. This information could then be
transmitted to the pilot or the flight engineer or used in a fashion as deemed necessary.
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Table 8.—Summary of Percentage Errors

Predicte d (m 1) UsingSurface Velocity 
_________ Actual Percent Deviation

Type Knots Eq. (52) Eq. (55) Eq. (58) (m 1 ) From Actual Value

A 25 .2496 .2483 .2495 .2496 0 - .5 0

50 .2008 .1654 .1364 .1654 - 0 -

75 .1101 .1’)88 .1114 .1114 -1.2 -2.3 0
• 100 .0736 .0754 .0720 .0720 2.2 4.7 0

Eq. (53)  Eq. (56) Eq. (59)

C 25 .5510 .5512 
— 

.5509 .5511 0 0 0

50 .4518 .3644 .2831 .3644 - 0 -

75 .2379 .2374 .2377 .2377 0 0 0

• 100 .0971 .09 70 .0970 .09 70 0 0 0

Eq. (54) Eq. (57) Eq. (60) 
—

E 25 .9730 .9340 
— 

.9755 .9730 0 -4.0 .3

50 .9258 .5856 .3743 .5856 - 0 -

75 .3707 .3571 .3708 .3708 0 -3.7 0

100 . 1053 . 1054 . 1056 . 1054 0 0 0

_ _ _
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________________ ~Peak t (V )
5Wet B k t I

$ Mpeak Constant

Figure 7.—Use of Tire Model
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4 SECTION V
TEST PROG R AM RECOMMENDATIONS

As explained in Sections Ill and IV, the available tire test 4 ’~ta is non-uniform. Data on
aircra ft tire , automotive tire , peak mu , locked wheel mu, yawed tire, braked rolling and
many other condi tions had to be mixed togeth er to create da ta sets. Data gathering tech-
niques are only partially def ined or completely missing from most reports. Numerical
values for parameters that were invariable during the experiments are quite often missing or
defined qualitatively e.g. damp; smooth concrete etc. It is therefore imperative that a uniform
set of data be generated under fully controlled conditions to validate t h e prediction model.
With tius in mind a test program has been outlined as follows.

I. PURPOSE OF TEST :

• To conduct tire testing under fully controlled conditions i.e. being able to vary one
parameter at a time while holding all other parameters at fixed values.

• Investiage Type VII aircraft tires under var ious loads, inflation pressures, water depths,
runway textures , tread dept hs, aspect ratios, forward speeds and at peak conditions of
operation.

• Use this experimental data to validate and improve t h e tire correlation model.

2. TEST SPECIMEN AND RELATED EQUIPMENT:

The recommended list of tire sizes, design, and needed equipment has been prepared to be
compatible with the need to cover most applicable ranges of aircraft operations. Restrictions
on maximum tire size have been imposed by the capabilities of existing facilities as explained
later. However, all but two aircraft tire sizes (B-52, and DC-lO-30) in use today are covered
by this range. The need for various equipment is obviously related to the test procedure
d ictated by d imensional analysis and desired accuracy for the model validation.

A l ist of Recommended Test Specimen and Related Equipment follows.

• 4 sizes of tires: 20, 30, 40 and SO in. O.D. (for example)

• Tires to have 4 or 5 circumferential grooves

• Means of maintaining small water depths from .01” to .10”

• Means of preparing and maintaining different textures

• Means of monitoring tread groove depths

• Means of hunting for peak friction
• • Means of inducing brake cycling e.g. (a 10 to 20% slip-ratio

• Tires of identical O.D. but different aspect ratio

1 
_ _ _ _ _ _  
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3. TEST CONDITIONS

Table 9 shows the number of conditions needed to be run for eac h tire specimen and each
type of surface for a meaningful validation of the tire model. Some other aspects of
recommended testing are as follows:

• Range of loads: may be extracted from applicable aircraft (using that particular
tire) operations manual.

• No. of runs: Ideally all possible combinations of interrelated variables (in terms) should
be run. This would amount to several thousand test runs. The test program has been
outlined such that it would satisfy the absolutely necessary data requirements for yen-
fication of the model with minimum cost.

• It is realized that tires have maximum inflation pressure ratings and maximum load
ratings. Thus not all tires can be inflated to 300 psi. Two alternatives are available.
The tire manufacturers recommended range could be divided into j ive equal segments
thus keeping the number of runs constant , or the number of runs could be reduced by
just running the tire in 50 psi increments up to its maximum limit.

• Depending on the ava ilable length of test strips, more than one surface could be tested
t in the same run e.g. ref. NASA TN D-4323. Thus if 3 surfaces were tested in each run,

the number of runs could be reduced by 50%.
• • Aspect Ratio Variation : This aspect of the program might be somewhat tricky or even

difficult to achieve i.e., to vary the AR on a constant diameter tire. One precedent
• is the Type VII and LXX tires tested for the B737 program. (See refs. 53 and 54.)

One solution might be to run these two tires again (for the A. R. testing at least) ann
have another pair of tires of identical diameter but of different size than 737 tires. This
would at least give trends if not a conclusive result about the effect of the A. R. on

wet.
Table 9.— Test Conditions

• •• 

• 
Tin sit. dt d

~ 
in. A .R. PR Vslocity ....knets No. of ru ns

____________ _______ 
psi 

_______________________________ _______

2O~’ A NEW .02 .65 300 125 1~ 0 75 50 25 5
0.0. 80%
(TIRE I) 60%

L 4°”
20%
60% .04

.06

.08

.10

.06 .75
.80
.85
.95
.80 250

200
ISO
100

• 85 cond itIons to b. rsp ..t .d for dr.s II Iii , IV scPi
• 86 4 condition s to bi rsps.tsd for surf css B , C~ 0, 8 s c h
• T ot~ I no. 01 condit io ns to bi run — 85 x 4 x  5 — 1700
• Totsi no. of runs nisdid if 3 su rtsc s In on . run — 680
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4. DATA ANALYSIS:

‘I The data collected from the test program should be analyzed in a manner identical to that
used in handling the existing tire test data. The data is to be used to conduct the two validity
tests for model formulation with hr  terms. Effort should be made to eliminate or combine
some of the in terms to reduce the complexity of the model. This will depend upon tile
degree of influence of each term on the dependent variable “~~ I “~ More precise curve fitting
techniques should be used to arrive at component equations. This will assure better accuracy
in the calculation of exponents and constants which in turn would yield a more accurate
prediction equation. Efforts should also be made to convert the prediction equation solution
into a graphical solution form; a nomograph or a carpet plot , e.g., figure 8, to give a better
understanding of in practice use of the model. If this multifaceted analysis indicates need
for additional tire testing, t hat would simplify the model for instance, or help better under-
stand the interface phenomena, recommendat ions should accordingly be made.

5. TEST FACILITY EVALUATION

As part of the contract requirements , the recommended tire test program was to be consid-
ered for ex isting test facilities and still be in line with the philosophy emerging for tire cor-
relat ion. The tire test facilities at NASA Langley Loads Track , Hampton, Virginia and the
Naval Air Test Facility, Lakehurst , New Jersey were visited for thus purpose. The two facil-
ities were evaluated for their test capabilities and compatibility with the desired test condi-
tions. The facilities are described in some detail in Appendix I-I. A comparative evaluation
is depicted in Table 10. Basically both facilities can be used with minor modifications for
the intended testing. In addition, the following observations are thought to be relevant:

NASA LANGLEY LOADS TRACK

The test surface preparation work has to be subcontracted as in the past. The test personnel
are experienced in conduct ing the recommended testing and fully understand Project
“Combat Traction”. It takes about 30 to 40 minutes to pump th e water out after each run.
Instrumentation w ill ha ve to be in stalled for induced cycl ic braking. The test carriage doesn’t
carry any extra dead weight and thus its inertia cannot be manipulated. Masking effects
have proven to be a major concern in past testing and some corrective measures would be
needed to obtain meaningful data.

N ATE , LAKEHURST

• An acceleration test track has recently been modified for the purpose of tire testing. The test
surface is presently only 200 feet long, but sufficient space is available to expand it to a
1000 feet. A series of 30” wide slabs constitute tile test bed and can be turned around or

• upside down. This can help reduce the masking effect problem if a transverse travel mech-
anism for tires could be designed. Slabs are poured (and prepared) at the test site anti any
desired texture can be obtained but no surface wetting system has yet been installed. Speeds
of up to 200 knots can be achieved and a typical velocity decay of 2 knots has been measured
on the test site. Up to l~ runs per day have been made in the past. The facility requires
about twice as many people for operation as tile NASA Langley Loads Track. Tires up to
50” O.D. can be accomodated. The facility is available for governmental agencies and
indus try use .

I
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Symbol
or

numerical Meanin~
.6 1 25 knots 4.

2 SO knois et.

3 75 knots
5 4 lOO knots

• A
B
c surface type

4.

:: 
~ 5 7 8 10

f (ir1) C (1r2)(in3)(,r4)(ir5)(ir6)(n7)

Figure 8.—Nomograph Solution of Prediction Equation
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Table 10.—Existing Tire Testing Facilities Comparison

Evaluation criteria NASA Langley. VA NATF , Lakehurst. N.J.

Test strip 1100’ x 15” 200’ x 30”

Possible extension No Yes. 1000’

Texture 200 to 300’ strips Slabs 10’ x 30”

Max speed 105 knots 200 knots

Velocity decay/run 8 knots 2.5 knots

• 
Estimated no. of runs/day 8 16

Tire 0.0. (max) 50” 50”

4 Masking effect Yes Yes

• Instrumentation Self contained Telemetry

I

i

.
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SECTION VI
SPECIFICATION OF FRICTION PREDICTION SUBSYSTEM

An overall picture of a Friction Prediction Subsystem (FPSS) concept is shown in Figure 9.
The tire correlation concept was presented in Figure 2 while the ground vehicle development
criteria are depicted in Figure 10. As details of the tire model development have been
covered in Section III. the scope and requirements for a ground vehicle as a part of the FPSS
are discussed in this section.

I. SCOPE:

This specification covers the general requirements for a Friction Prediction Subsystem
(FPSS). The specification lists tile basic ingredients of the design and the mode of operation
0 the subsystem. The specification has been developed based on reference I results (the
airplane sensitivity analysis) and the tire correlation concept developed under Task Ia. of
the persent contract.

The system covered by this specification is intended only for use in evaluation of tire-runway
friction forces and to provide guidelines in determination and correlation of coefficients of
friction on various airport surfaces.

The method utilizes a measurement representing the steady state friction force on a rolling
test wheel as it is braked over a wetted pavement surface under constant load and at a con-
stant/variable speed while its major plane is parallel to its direction of motion and perpen-
dicular to the pavement.

2. GROUND RULES

I. Development must be consistent with the approach used in Combat Traction II,
Sensitivity Analysis.

2. Only a measurement of the peak Mu is meaningful as it will be used in the prediction
equation.

3. Sufficient difference exists in the construction of automotive and aircraft tires, that
only an aircraft t ire should be used on the ground vehicle.

4. The selected tire should be exposed to the static load it is designed to carry at the
recommended inflation pressure and deflection.

5. Tire operation on the ground vehicle must duplicate dynamic conditions of aircraft
tires. This dictates the use of an antiskid system or similar device for operation near
peak friction.

I
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3. TIRE

The manufacturers recommended loading condition of the tire will dictate the weight and
size of the vehicle. A large tire will demand a prohibitivly large weight in simulating the
proper loading condition. Therefore, small aircraft tires are recommended. With the
developmen t of a tire correlation model the evaluation results of a small tire can be scaled
to any t ire size. A suitable candidate appears to be for example the 16 x 4.4 - 4PR type VII
t ire used on the Aero Commander rated at 1100 lbs and 55 psi inflation pressure.

4. FRICTION PREDICTION SUBSYSTEM REQUIREMENTS

‘ The Friction Prediction Subsystem (FPSS) consists of a runway evaluation trailer and a
tow ing vehicle.

I. The trailer shall be supported by one aircraft tire and two automotive tires.

2. The aircraft tire shall be used for friction evaluation of the runway and carry a nominal
load of no less than 1000 lbs.

3. The aircraft tire shall be fitted with a suitable wheel and brake.

4. The brake on the aircraft tire shall be capable of generating a locked wheel condition
under all anticipated operational conditions.

5. The brake shall be actuated by hydraulic power and shall be controlled by an antiskid
system.

6. The antiskid system shall be capable of maintaining a stopping efficiency of 85% or
better over all operating conditions.

7. The suspension system of the evaluation tire shall maintain normal tire ground contact
when operat ing on a prepared runway at all FPSS operating speeds.

8. The trailer shall be equipped with an instrumentation and recording system capable of
measuring the following:

a. True vehicle velocity

• b. Distance traveled during trailer braking

c. Towing force between trailer and tow vehicle

9. The instrumentation and recording system shall have an accuracy of at least ±2%.
Internal calibration shall be provided.

10. All systems on the trailer shall be self-contained and shall be powered by the tow
vehicle’s electrical supply.
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II. The towing vehicle shall be capable of attaining a speed of 70 MPh when pulling the
unbraked trailer on a level runway.

I 2. The towing vehicle shall be capable of accelerating the unbraked trailed to 70 MPH in
a distance of less than 1000 ft.

1 3. The towing vehicle shall be a conventional automobile or truck equipped with a
control panel to permit the start and stop of the recording equipment , and the initi-
ation of the trailer braking. A display panel shall indicate the brake application speed
and the braking distance. A display of towing force as a function of vehicle speed shall
also be recorded and used later for monitoring of runway friction condition.

14. In operation the vehicle and trailer shall be accelerated to 70 MPH as quickly as possible
on the test runway. Then the clutch of the towing vehicle shall be used to disengage
the engine. Once tius is accomplished, full braking with the evaluation trailer shall
commence and continue until a full stop is reached. The vehicle speed and towing
force shall be recorded continuously during braking. The vehicle shall maintain a
straight path down the runway during the braking run.

I 5. A braking predict ion equation shall be developed by computer simulation, vehicle tests,
and dimensional analysis for the calculation of stopping distance. This equation shall
be based on the measured brake application speed, friction coefficient , and other param-
eters unique to the vehicle. In order to prove the validity of the ground vehicle, simi-
larity to the airplane prediction equations must exist.

• S. FRICTION PREDICTION SUBSYSTEM APPLICATION

The FPSS will be used to measure and monitor runway friction. In applying the friction
coefficient to the airplane prediciton equation a tire correlation factor must be used to
modify the friction value. This is necessitated by the difference in tire size and speed range
between the ground vehicle and airplane. The concept for correlating tire friction data has

• been developed but must still he proven by extensive testing. The application of the FPSS
and the tire correlation factor to t he total braking prediction system is shown in Figure 11.
The Mu value used in the airplane brake distance prediction equation must be developed
wit h the brake control simulator for a wet runway. This value is developed by using a
ve locity-dependent Mu (wet) and compari?lg the resulting braking distance to that computed
wit h a constant Mu. Each ~eIocity depenu~it Mu curve will represent a particular runway
under particu lar enviror.inental conditions and state of wear and tear and will have an
“equivalent” velocity independent Mu for each airplane. Such data can be developed on a
matri x basis for a series of airplanes and measured runway conditions.
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TMPeak = f (V)
et Brake control

‘~‘Peak = Constant

Figure 11.—Total Braking Prediction System
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SECTION VI!
REVIEW OF VEHICLES AND MODIFI CATIONS

The requirements for the Friction Prediction Subsystem (FPSS) developed in Section VI
are compared to the operational conditions and designs of severa l existing ground vehicles
such as:

Diagonally Braked Vehicle (DBV)
ASTM Skid Trailer (Test Method )
French Stradographe
French LPC Trailer
British Miles Trailer
British Mu-Meter
Swedish Skiddometer
James Brake Decelerometer (JBD)
British Tapley Meter

Evaluation o ’ the vehilces includes a consideration of the basic design, the operational
aspects and tile type of data presently developed during a typical test run. Possible modi-
fications to the existing measuring systems to meet the recommended requirements for
the FPSS are also discussed.

Detailed description of each vehicle’s design, operation and type of data developed is given
in Appendix I. A comparison summary of important differences among various vehicles is
shown in Table I I. A general evaluation of all vehicles has been made and various points
of view of different segments of the industry are presented first. This is followed by another
evaluation of the vehicles by the criteria established under this study, Section V I.

I. RESULTS OF THE ICAO STUDY (REF. 56)

The objective of the program was “to define the degree of correlation that exists between
various types of equipment used in the measuring of runway braking action.”

ilie speed/friction curves show some variation between equipment when the results are
compared between types of surfaces. The high reading of the skiddometer may be due to
the use of patterned tires. In general the LPC - trailer gave the lowest values and different
by a considerable amount from the Miles-trailer which is of similar construction. The Mu-
Meter and Stradographe tended to be fairly close in their readings at 40 mph. The Miles-
trailer tended to be insensit ive to water depth. For example , the reading changed from .44
tu .38 at 40 mph on polished concrete for a water depth increase from .011 inches to .067
inches respectively (the latter coming in the flooded range). On fine textured asphalt the
Miles-tra iler at 40 mph gave hardly any change of reading when the water depth increased
from .01 5 inches to .032 inches.

Tile DBV ratios showed very little change for variation in water depth on the Crowthorne
sur1ace~ or on the French surfaces e.g. (a) on fine textured asphalt the SDR “wet-to-dry”

• Stopping Distance Ratio increased from I .44 to I .62 for an increase in water depth from
.013 inches to .067 inches, respective ly (b) on polished concrete the SDR became smaller
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when tile water depth increased from .011 inches to .0O7 inches , (c)  on Chateauroux

4 brushed conLretc the SDR inc reased fro m I .5O to I .72 when t h e  water depth increased
troni .013 inclie ~ to .05~ inches . respect ively.

The report concluded that a great lack of precision is evident among t h e measuring devices
tested . Even greater lack of precision is evident at the lower test speeds (under 40 mph)
and on the lower fr iction surfaces.

2. FAA EVALUATION TEST (REF. 57)

Figure 1 2 shows FAA’s reported water depth data and NA~ A-DBV m easured SDR values.
The measured data as reported in FAA concorde special condition test report (ref . 5 7 ),

clearly points out to the inability of DBV to correlate with measured water depth data.

3. VARIOUS POINTS OF VIEW :

ALPA’s POINT OF VIEW: ( REF. 62)

Strenuous efforts over many years have gone into the development of specialized vehicles
which would provide accurate indications of runway slipperiness. Veh icles which have been
developed for this purpose include the Tapley Meter , the James Brake Decelerometer used
by the United States Air Force in determining runway condition readings (RCR), the
Swedish Skiddoineter , and the Miles Single-Wheel Braking Trailer. Most of these vehicles

• attempt , by means of one clever technique or another , to measure values of pure ~z. How-
ever, some measure at only one speed whereas others measure over a range of speeds; some
measure values of sliding p; others measure peak 

~; some m easure a combination of rolling
resistance and side force; and many provide dramatic differences iii their readings even on
the same surface. The task has proved to be enormous and very complex , but most dis-
couraging of all , results almost always have poor correlation w ith airplane performance.

FAA’S POINT OF VIEW ( REF. 63) GROUND VEHICLE FRICTION MEASURING DEVICES.

What progress has been made to resolve the controversy over an acceptable method for
measuring runway surface friction , and to derive a meaningful relationship of this measure-

• ment to aircraft stopping performance? A great deal of research and investigation has been
conducted over the past ten years to establish a technology base that considers all aspects of
runway surface friction characteristics and associated measur ing devices. The two most fre-
quently mentioned ground measuring vehicles in this country are the DBV, and the British
deve loped Mu-Meter. Several other devices have been developed; however , t hese two appear
to have the best potential for acceptance in the United States. Their operational mode of
measurement and physical profiles are different , which has been the dominant factor in the
current controversy over this subject.

Uniortunately, test results on all friction measuring devices have shown minimal relationship
for the purpose of predicting aircraft stopping distances. Notwithstanding the Mu-Meter’s
limitations, it does provide an effective engineering and maintenance tool for the airport
owner’s use in determining the condition of his runways. The marginal surface areas can
then be treated so as to improve their antiskid properties to an acceptable level.

I:
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Ret: Rep. # FAA-FS~160-74-2

TABLE Vii Ground Vehicle Correlation Test
Rosweil, N. M.

• Runway 03, Oct. 22, 1973
2.75 -

0
0

2.50 - 0

* 0 
0

2.25 0

8 0 0
NASA~DB V-SD A

-: 0 0

2.00 - 0

0
0

1.75 - o0

1.50 I I I I I

0 .005 .010 .015 .020 .025 .030
Water Depth . in.

Figure 12.—DB V Correlation with Water Depth
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= U. K. CAA’S POINT OF VIEW (Reference 62)

The United Kingdom Civil Aviation Authority (CAA) observers were present at the B-727
and DC-9 tests (joint NASA , USA F. FA A  tests , Combat Traction II , Phase I), and have
examined a new method of analysis of the tests results relating to the test aircraft and the
DBV/Mu-Meter. Their report provides details of a method for predicting aircraft stopping
distance based on t he calculated friction coeff icient (aircraft mu), calcu lated aircraft decel-

j eration and the Mu-Meter reading. In addition, a method is proposed for using the DBV
deceleration related to the aircraft deceleration instead of the wet/dry stopping distance
ratio and the aircra ft energy/dry distance relationship. The British (CAA) theory promul-
gates that tile determination of the coefficient of friction experienced by the aircraft and
also the calculation of the deceleration values appear to show a better correlation with the
Mu-Meter/DBV than the direct comparison with stopping distance or the wet/dry stopping
distance ratio. Furthermore, in using these terms (mu/deceleration), the test results show
that t h e  types of runway surfaces , type of contaminant, and the use of new tires on the
aircraft can have an effect on the correlation.

4. TIRE HYDROPLANING & GROUND VEHICLES

Hom e and Joyner (ref. 64) give the following empirical equation for the velocity at which
tile hydroplaning begins:

V mph = lO.35’1~~ (psi) (62)

= inflation pressure) but the ~tuthors stress that this equation holds only for smooth or
close-patterned tires, and for ribbed tires when the water depth exceeds the grove depth.
Allbert (ref. 4 1) has shown, however, that the minimum hydroplaning speed of a radial
tire on an indoor drum increases with increasing inflation pressure only as long as the tire
deflection is kept constant; at constant load, hydroplaning speed decreases w ith increasing
inflation pressure. Ailbert also cites (ref. 41) instances of hydroplaning of worn truck tires
on certain road surfaces at half the velocity predicted by eq. 62.

Figure 1 3 taken from ref eren ce 65 compares the results obtained for a smooth or worn tire
with Hom e’s equation. It can be seen that even when total spin-down was compared to the
equat ion, the hydroplaning inception speeds were far below those predicted. The study
concluded that it is extremely difficult , if not impossible, to derive an equation for hydro-
planing velocity that would fit all tires under varying conditions. Incidently, the data shown
in Figure l3 is for a tire size 7.75 x 14 (smooth) whereas the tire size used on the DBV is
7.50 x 14 (smooth).

Thus tIle claims made by proponents of the DBV and the Mu-Meter that the tires used on
t hese vehicles are capable of indicating hydroplaning (see description, Appendix I) situa-
tions on t he runway are questionable.

j  5. ASTM SKID TRAILERS

Application of complex empirical test methods usually results in problems of test data
repr.oductibility; application of ASTM E274 has proven to be no exception. Meyer et at
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Tire no. 8, 7,75.14 bias ply (smooth)
Water depth . 0.40 in.
Wheel load - 800 lbs.
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Figure 13.—Comparison of Experimental Results to NASA Equation
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(ref. 66) made a comprehensive study to determine how reproducibility under ASTM L274
might be improved. Among other things they concluded that “Beca use skid testers operate

r at relatively high speeds . the ultimate ca libration should be a dynamic one using surfaces of
known and invariable friction properties.”

The skid number of a particular pavement is not a constant but varies with a number of
factors. The major factors are vehicle speed, surface moisture conditions, and polishing of
the pavement under traflic conditions. The locked-wheel skid number at a speed of 40 mph
determined by ASTM trailers has been widely used as indicative of available friction. For
most pavements it is actually indicative of available friction in the locked-wheel mode at
that particular time at a trailer speed of 40 mph. For many pavements the skid number is
highly dependent on tile testing speed , and at higher speeds the ASTM trailer skid tester may
actua lly give misleading results because the trailer ’s internal watering system does not ade-
quately wet t he surface before the test tire encounters it. For this reason , much of the skid
number data determined at high speeds (more than 40 mph) may be biased. That is. skid
numbers determined at 60 mph by using the ASTM trailer internal watering system may be
higher than the skid number determined by using an external watering system. One example
of an external system is a tank truck depositing water on the pavement in advance of the
skid tester. Another example is rain.

6. ACCELEROMETER METHODS (JBD/TAPLEY METER)

a. The braking qualities of a runway can be obtained by measuring the deceleration force
resulting from the application of brakes to a moving vehicle. One technique is to install
an acce lerometer in a truck . The truck is then driven at a certain speed, full brakes are
applied, and the maximum reading of the accelerometer is noted during the skid, if the
instrument is set to record the maximum value, the value so recorded will be that whicht occurs just as the brake~. are applied before the wheels start to skid. If the damping
characteristics of the instrument are suitable this will be a measure of umax-

b. Tests have also been conducted with the accelerometer free to indicate instantaneous
.‘ -I va lues, m e ,  not set 1(1 record the maximum deceleration force; however , this procedure

• requires considerable skill on the part of the test personnel to get correct readings.
(See Figure 1-19 , Appendix I).

c. The accelerometer test method gives usabI~ results but has some disadvantages, which
can be summarized as follows:

a) The actual operations test has to be carried out at a suft ’icient number of
points on the runway to give an overall picture of the braking qualities of the
runway as a w hole. The time required for the complete test using the acceler-
ometer mounted in a truck is some 3-4 times that required using the trailer
met hod. A mean value for a runway has to be numerically computed , which
requires some time.

b) Training of the test personnel is necessary. Tests of type (b) are difficult to do
correct ly and therefore only (a) can be considered practical.

-d
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c) The truck will be exposed to high wear by t he repeated locking of the wheels
followed by acceleration to test braking speed.

d. The mau i advantage of the test method is that the equipment cost , ot her than that of
a truck w hich will usually be available for other purposes, wi ll be sma ll, being of the
order of $100.

7. FRENCH VEHICLES (STRADOGRAPHE/LPC TRAILER)

Not enough data or a documented description of either vehicle is available. Efforts to trans-
late available pamphlets from French to English did not help much as it mostly turned out
to be sales oriented material. However, the limited description indicates that the Strado-
graphe might have more merit than other vehicles in that it is better instrumented, test wheel
is isolated from the wagon and has variable slip mechanism. More detailed study as well as

• compar ison with some aircraft test data is necessary before any conclusions can be reached.

8. DBV & MU-METER EVALUATION

Certa in specification criteria were developed for friction measuring vehicles as a result of
reference I study. Using t hese criteria both the DBV and Mu-Meter were evaluated. It was
found that both performed their respective functions for which they were designed but
failed to meet the vehicle criteria and thus data generated by these vehicles were of quali-
tative value only. In addition, model laws (based on pi terms developed for BPSS) were also
applied to both vehicles and showed that one is a distorted model while the other a dissimilar
one , both needing additional analytical and experimental work before they could be made
suitable friction measuring devices.

9. MILES TRAILER

The Miles-trailer is used by the British and the American manufacturers for wet runway
certification of aircraft to comply with British CAA regulations. it is not used at airports
to obtain day to day measurements ot runway braking act ion. The vehicle has been included
here as it was used during an FAA evaluation of Proposed Landing Certification Rules,
reference 57 study, and might be considered for further development.

10. SKIDDOMETER

The ICAO Study (rel. 56) data shows that the skiddometer and the Mu-meter have a strong
• . correlation but the skiddoineter indicates slightly higher values of friction probably because

it uses a treaded tire. Thus t h e  Skiddometer behaves much the same way as the Mu-meter.

• I I .  EVALUATION OF VEHICLES BY THE FPSS SPECIFICATION

The FPSS specification developed in Section V I showed that the principal requirement re-
mains to dynamically simulate the tire-runway interface by using a ground vehicle equipped
with an aircralt type V II lire and use of an antiskid system (or similar device to induce brake
cycling) to insure peak WU operation. When this criteria is applied to the vehicles under con-
sideration it us clear that none of t he vehicles meets this criteria and both principal requirements
remimain to be met.
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12. POSSIBLE MODIFICATIONS

( •-\~ pointed out in refe rcmlce I study, proper distortion and prediction I’actors nee d to be
applied when using distorted or dissimilar models. In addition, various ground rules laid out
in Section V I b r  the vehicle developmnent must be met to generate meaningfu l data. One
simple approach to this eI’t’ect is shiowm l in Figure 14.

_ _ _ _  _ _ _

Modify existing vehicles Test under conditions
to include aircraft J for which aircraft
type tire and induced test data has been
brake cycling collected before

Establish
Existing vehicles correlationMu Meter with A/C data
Stradographe and compare with
Skiddometer previous 

-

DBV - • - • vehicle - aircraft
ASTM Method correlation

Figure 14.—Minimum Risk Validity Test For FPSS Concept
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SECTION VIII
F CONCLUSIONS AND RECOMMEND ATIONS

it is to be noted that despite considerable progress in recent years, the tire traction litera-
ture sti ll lacks a common focus or conclusion. Thus, at present there seem to be no generally
applicable formulas tha t can be used reliably to design tires to obtain satisfactory operation
under all conditions. Further , at best , the basic understanding of friction and wear and
their control seems to be empirical.

For many years the tire-pavement interface studies have been undertaken by the tire engineer,
tire chemist and pavement engineer mainly in isolation. The tire maker for example wants to
know how to build a tire to last long, ride smoothly and above all not blow out. More cooper-
at ion between t ire and pavement designers is a must.

The vas t amount of data available in the literature has aided in the better understanding of
the complex problem of tire-pavement interactions; however , the data have been primarily
derived from different sources employing different methods. There is no comprehensible
means of analyzing and comnpar ing all t h e available data due to incompatibility of test condi.
tiomis, measuring techniques, and the presence of numerous unspecified variables influencing
t he relative values of data obtained from different test programs.

Ava ilable tire test data is non-uniform. Data on aircraft tire , automotive tire, locked wheel
~~~. peak j~ , yawed tire , braked rolling and many other conditions had to be mixed together
for want of better data. Data gathering techniques are only partially defined or completely
missing from most reports. Numerical values for parameters that were invariable during the
exper iments are quite often missing or defined qualitatively as wet , damp, flooded, smooth
concrete etc.

• There exists need b r  more effort towards standarized calibration and watering tech-
niques, and a need for studying the effect of suspension geometry and the dynamics
of the vehicle involved.

• A good number of small and portable test devices have been developed. Some have
been developed to aid in the studies of the resistance of road materials to polishing.
Other devices were developed out of the conviction that adequate simulation of real
tire-road behavior must be possible if a tester is designed from first principles.

• Skid trailers show a reasonably good agreement in their ability to measure pavement
slipperiness. Differences are observed between the vehicles in their relative surface
rating ability under wet conditions. More divergence is observed among the trailer
results at higher speeds.

• Variation in results also occurs or is observed due to different test rubber/tire used,
its size, amount of wetting etc.

• A much greater confidence in the skid results from different test techniques is needed,
however , if these are to be used for routine testing and for maintaining a prescribed
ant iskid level for im proved runway safety.
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• • The principal of dimensional analysis can be used to define the runway-tire interface
problem and to predict available friction.

• The prediction equation approach seems to be workable within reasonable tolerances
but more conclusive statements can only be made when more data becomes available
and the mnodel is tested for validity.

• • T ire test data must be collected under fully controlled conditions. Therefore, tile
- recommended test program under Section V must be carried out.

- • In order for the FPSS concept to be operationally meaningful, the following areas of
- work have to be resolved in addition to carrying out the tire test work :

• Classification of Runways

• Runway Monitoring System Standarization

• Ground Vehicle Development and Test

I • Enacting and Enforcing Regulations Regarding Proper Maintenance of Runway

L 
Friction Levels

• Method of Measuring/Indicating Rainfall Intensity/Water Depth

I

_ 
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APPENDIX A
SURVEY OF TYPE VII AIRCRAFT TIRES

The tire survey applies to the following:

I Type VII or equivalent (new design, type VIII etc.) tires.

2) Airplanes with skid control systems only.

3) Main gear tire characteristics only.

4) Rated values for load, inflation pr. and speed are listed. The operational values
are different (data not readily available)

5) All major airplanes in military and commercial use have been listed.

The informa tion contained in Tables Al through A3 was compiled from references 29
through 34.

II

S

1
_ _ _ _ _ _  —-•— — ~

- 
—-——-• - ~~~-- •---- 

- -  -



- - - - •

a. , 0 • = t t = IS C 0 IS • . t x t  I r O n s ,  C t S Ia. a -
~

1: :~~~
:;: :HH :~~:~~~;::~~~

-2 ~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~me ~~~~ ~~~~~ me ~~~~ -

~~ .

~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— ~~ c-S .-S x. •_ .~~~~_

~~ 

~~~~~~~~~~~~~~~~~~~~ ur ~ -~~~~~~ 
-
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_::L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_

~~~~~~~~ ~~z~~~~~~ m e m e~~ ~~~~~~~~~~~~~~~

mc
~~mc

~ :~~~:~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—

(4 ;E~ET~~ ~~~~~~~~~~~~~~~~~~~~~

~ Ii11. ~Li_ i~ 
j h g

~~ I
• ~!41 h1~HJJ iJ i }iii i i I î ~hi1 t~i ——

:~ L: .. :1~T ~~~~~~~

- • 50



550 = Z r  = = = St = = ~- I ~ ~~~~Z C 0~~~~~ r X r-
~ a

~ —
S - — — - -

. ~~~~~~~~~~~~~~~~ ~~~~~~ ‘ i ~~~~~

_

- ~~~~~~~~~~~~

a
C- C

S 
a - 

- 
~~~5~~~~~* r ~~~~~a S , 0 ‘ 5

I 
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.

~~~~-5,

~~~ :: :s ::::::::::::::::::::: ::
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

• —

I- . ~m ~~~~~ — — ‘I, 
-

— -~~~~ -

‘I. — — — . ‘- .o~~~ ~~~~~~~~~~~~~~~~~~~~
,~~ U.. — @ ~~ 0’ 0’ 

~ 0 C
— 

~~~~

r r r

-
~~~~~ ~~~~~~

I. ~~ ~~~~~ ~~~~~~~~~~~ ‘~~~~~~~
I . i;-~~~~~~~ ~

-
~~~:C’ 4 

~~~~~~~~~~~~~~~~~ ~~~~ ,.
_~~ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

g

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

S. 
- -~ 

~~~; ~ -~I n H I~ ~ ~ II
~~~~

~~

vs - =  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

5 1

4 ~~ —___••_ _ — —~ — - - -—----— ----—-~——-“—~~~~~~~~~~~~~~~~~~~ ------‘ :~~~~~~
‘ -



-— — - - -. ~~~~~~~~~~~~~~~~~~~~~~ - I - — -

H
C-

0~~~~~~~~ ~t __________ C C - S  ~ = C = Z C- C C I = C

-Q 
- ‘ - . ; . • ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~#

m -:- -
-
~~ _! ~ I~~~~~~~ S S S  ~~~~~~~ ~~~~~~~~~~~~~~~~

-
C

-
~~ 

. 555 5 5r §

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.5..

-5 - ’
-a -‘ - - a -a -a
0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ I C O I~

—

~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~

~

“5 5,--. — - _ 

§ 
~~~~~~~~~~~~~ g

~ ‘?

I - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~ X
CS) —

i S

I’—

~~~~~~ £ ~ a

— -. ~5, 1 • S

52 

~~~~- -~~~~ ---- -•-- ---- --
~~~~~~~~~~~~~

.-
~~~

-
~~~~~~~~~~ 

- J



- ~
_ 0,__ ~~~~ ~~~~~ __.

~~~~~~~ - — - - • - - - -
- 

•_
~~~ 

- I •• •C-~~—~

• I 
~~~ 

_ _ _  _ _ _ _ _ _

,~ St

I -
— -

~~~~~~~~

-a - a  - 
~a - a - a

.m — 
____________ --_______________________________________

-~ o o oa ’  - s~~o 8 ~~~~~o a

~ ~
I~~~~ ~~~~~~~~~~~~~~~~ ~~

‘I 
C

-

-

~~~ . 0 ~ IC

— 
_________________________________

- 
1 ‘ T o

• 

.
5- 5 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _• I — —

I i

ii E .-:;-~ ~
I-

53



- • — __~_ __ ~___•_._____ ._~__—  - ___ •• ••.~~ ~~~ —— - —- 5, - -- - ~~~~~~~~~~~~~~~~~~~~~~~ —

I:
I

a

& S S S • S 5 5  •~~~~~~~~~~ - • •

: :
• * ~ ~ ~ 0’ 5

— .~~~ - -. -5 -5 

~~~~

I Ii ~~ ~ i
5.

• 
~~~Q 

a _ a  -
I . . . ,

• s ’.- ..-~~~~ —

- 
~~~~~~• 

— 
.

~ 

— 1
-
~

--—g~~

0• 

~~~~~~~~~~Hi •
~~~~~~~~ - - .

I ~ ~ ~~ ~ ; ; • - -  ‘a

5--Q -5 5.

IC 0

I
54

C_ _ _  ________________- - • -— .



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~.~~~- -.-- —— ~~ - - -• 5-- 5 ~~ — - ~5 _ _ —

.5 sD 0 C IS I I 0 55 0 0 C- = i  r = =  = = •,
5—

-Q -

& 5 S ~~~~~&~~~ ~~~~~
. •

- -

,

~~
5-

C a ’

~~ 0 ~~~ & 5 & 5 a r ~~~~~~5 &  S & C 5 C 5& &

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~

~~ •- 5-

-5
’ 5

5- -
~‘a — 0 - 5~

• S •~~~~~ C - C -  C- 
•

— —

• . . S , . . . .  . .
C C 2~~~ C

—

S a I-~~~~~

~ 
5

~~~~ I • • I 
• 

. . 
~~ 

- ~‘~~i ~

~~

-i

[ ~:

55

a-~~~~ . _ -~ —

5

--- - 
j_ _ — -—5--



—
5-- — -----,--—-- -5--- — -.5- —--------.—-.-----—•---- - - • •- —----—5-— — ._5 - - - —--5-—-- - - - —

APPENDIX BP SURVEY OF MILITARY AND COMMERCIAL RUNWAYS

Runway/Airport Survey Applies as Follows:

I) Top 100 U. S. Commercial Airports Only.

2 All USAF Active AFB’s Listed (including Europe and Pacific)

3) All Naval Facilities Included.

4) All AAF’s Facilities Included.

5) Only the Longest Runway for Each Airport Listed. -

6) Texture Depth (When Included) Measured by Grease/Sand Patch Method.

7) LCN Values for Commercial Airports Only. Others not Available.

The information contained in Tables B I through B4 was compiled from references 23 and 35
through 40.
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AIRPORTS AND RUNWAYS-NOMENCLATURE

ABBREVIATION STANDS FOR ABBREVIATION STANDS FOR

AL Alabama MO Missouri
AK Alaska MT Montana
AZ Arizona NE Nebraska
AR Arkansas NV Nevada
CA California NH New Hampshire
CZ Canal Zone NJ New Jersey
CO Colorado NM New Mexico
CT Connecticut NY New York
DE Delaware NC North Carolina
DC District of ND North Dakota

Columbia OH Ohio
FL Florida OK Oklahoma
GA Georgia OR Oregon
GU Guam PA Pennsylvania
HI Hawaii RI Rhode Island
ID Idaho SC South Carolina
IL Illinois SD South Dakota
IN Indiana TN Tennessee
IA Iowa TX Texas
KS Kansas UT Utah
KY Kentucky VT Vermont
LA Louisiana VA Virginia
ME Maine WA Washington
MD Maryland WV West Virginia
MA Massachusetts WI W isconsin
Ml Michigan WY Wyoming
MN Minnesota
MS Mississippi

ABBREVIATION STANDS FOR

AAF Army Air Field
AFB Air Force Base
ANGB Air National Guard Base
ASP Asphalt , bitumen or tar macadam (black top surface)
CON Concrete or Cement (white surface)
MCAS Marine Corps Air Station
NAF Naval Air Facility
NAS Naval Air Station
S Single Wheel
T Twin Wheel
FT Twin Tandem
TDT Twin Dual Tandem
LCN Load Classification Number
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(1\
~~~~~~

Single Twin Tandem Twin Tandem

~~~~~~~~~~ 
: 8 )  

_ _  

5.

ZD • - 5-.’..-. \ 
Triple

Dual Twin Dual Twin Tandem

Q
( \ A ~\ 

(
~ ~.

~~~~~~ U) U) \ .—
__

0 6 6 ~~~~~~
_ \23° C•5A

ñ
‘-d l ‘t,,_,l Twin Tricycle

Tn -Twin Tandem Tn -Tandem

1. The X marked on a wheel indicates the critical wheel used in the summation of principal movements.

2. The angular orientation is that required for maximum block count and can be used for positioning similar
gear types.

Figure 8-1.—Landing G~ r Configurations
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APPENDIX C
PHENOMENOLOGY OF FRICFION

This section deals with the frictional and retarding forces that can be developed when air-
craft tires are operated on prepared , hard runway surfaces. ~ he mechanisms whereby such
forces are generated at the tire-ground contact area are briefly described. Particular

• consideration is then given to the effects on braking force of changes in tire, runway surface
and aircraft design and operational factors. Reference 17 ‘~i-nateñal has been freely used in
this section and frequently quoted as such.

FRICTIONAL AND RETARDING FORCES ACTING ON A TIRE

The forces which can act on a tire and decelerate its forwarding motion are rolling resis-
tance, braking friction, yawed rolling and braking forces (if considered), and fluid drag
force (see Figures Cl and C2). For unyawed tires, the resultant tangential force, G, on the
tire is the component G

~
, acting, parallel to the direction of forward motion, i.e.

GX = G = G R + G B + G F = Z ~ (C-l)

COEFFICIENT OF FRICTION DURING BRAKING -

The frictional force developed in the tire-ground contact ares and the coefficient of friction
vary grea tly with changes in braking slip ratio, as is shown schematically in Figure C3.

BRAKING ON DRY SURFACES

The development of braking force on dry surfaces may be illustrated by reference to Figure
C4 which shows the passage of a single tread element through the tire-ground contact area.
In Figure C4, when the tread element first makes contact with t he ground, it is practically
undeflected and stationary relative to the surface. As it progresses toward the rear of the
contact area the longitudinal deflecton of , and the tangent ial force on , the element increases
and at some point sliding commences (initially the sliding speed relative to the surface is very
low).

FRICTIONAL FORCE ON A TREAD ELEMENT

In the tire-ground contact area , the frictional force on each tread element is the product of:

(I) the normal load on the element (which is itself governed by the distribution of
bear ing pressure in the contact area), and

(ii) the local coefficient of friction between the tread material in the element and the runway
surface.

RESULTANT BRAKING FORCE ON TIRE

The braking force developed by a tire is the sum of the componen ts of the frictional forces
on all tread elements in the ground contact area acting parallel to the direction of forward
motion.

‘
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— — — — Free rotation , i.e. no tire vertical deflection or
tire spinning, no ground contact 

— Tire rolling, unbraked (i.e. no applied brake
torque; s o)

-
• Tire rolling, braked i.e. o <s<1.0
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Figure C2.—Tire Forces and Moments
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Figure C3.— Typical Variation of Tire-Ground Coefficient of Friction
with Braking Slip Ratio 
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Figure C4.—Schematic Illustration of Deformation of
Cross-Ply Tire Elements Due to Braking
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At low braking slip ratios, sliding is detectable only at the rear of the tire-ground contact area.
If the brake torque, and hence slip ratio, is increased, sliding occurs at higher values of V and

t may be observed at points nearer to the front of the contact area. it is hypothesized that this
process can continue until further changes in local sliding speeds and temperatures produce
no net increase in the total frictional force on the tire. The braking force is then the max-
imum possible in that situation, Gmax , and the tire-runway coefficient of friction is umax-
Further increase in “s, brak ing slip rat io”produces a net decrease in the total frictional force.
Tire longitudinal deflections in the contact area cannot then be maintained and rapid increases
in local sliding speeds and tire slip ratio occur. When s = I .0, the entire contact area is sliding
at speed V and the braking force developed is the locked-wheel or full-skid value, Gskid. The
tire-runway coefficient of friction is then

BRAKING ON WET SURFACES

The presence of a fluid, which is usually water , on a runway decreases t he available tire-
ground coefficient of friction. The effects of fluid such as slush, oil , fuel, foam , etc. are
basically similar to those of water. Some differences in the available coefficient of friction
are to be expected as a result of variations in fluid viscosity and density.

The tire-ground contact area in wet conditions can be divided into three zones as illustrated
in Figure C5.

Zone I is the region where impact of the tire with the surface fluid generates sufficient
pressure to overcome the inertia of the fluid. Much of the fluid is either ejected as spray
or forced beneath the tire into the tread grooves (if present) or into the drainage paths
provided by the surface texture. Throughout Zone I a continuous, relatively thick fluid
layer exists between the tire and the runway surface and the only retarding force developed

• is that due to fluid drag. -

Zone 2 is a transition region. After the bulk of the fluid is displaced, a thin film rema ins
between the tire and the surface. At the rear of Zone 1 , and in Zone 2, a rapid ou tflow of
fluid is prevented, and fluid pressures are maintained, by viscous effects. The thin film first
breaks down at points where the local bearing pressure is high, e.g. at sharp surfaces asperities.
In the presence of a lubricant such as water , the coefficient of friction of rubber on hard
surfaces is greatly reduced from the dry surface value and varies little with changes in sliding
speed and temperature. Thus, in genera l, very little frictional force is generated wherever
a thin film of fluid persists.

Zone 3 is the region of predominantly dry contact and, although obviously smaller than the
contact area in dry condi tions , it is here that most of the braking force is generated. The
tendency for tread elements towards the rear of the contact area to slide may be increased
by the presence of fluid at t he edges of the contact area.

In wet conditions, t he tire-ground coefficient of friction depends on the relative sizes of
:- Zones I. 2 and 3. These are determined by the surface texture , the dept h, density and vis-

cosily of t he fluid, t he tread pattern and inflation pressure of the tire and the time, t, for a
tread element to pass through the contact area, given by

= length of contact area 2h
t ire peripheral speed ~ x rolling radius of tire
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Figure C5.—Effect of Forward Speed on the Tire-Ground Contact Area in Wet Condition
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w here rolling radius of tire is the ratio( h0
~~

0ntal rolling velocitY)
wheel angular velocity

Figure CS also shows the effect of increased forward speed on the relative sizes of Zones 1 , 2
and 3. In Figure C5b the tire forward speed is higher than in Figure CSa so that Zone I
extends farther back into the contact area and Zones 2 and 3 occupy a horsehoe-shaped region
at the rear. In Figure C5c , at a still higher speed , contact with the ground is all but lost. In
this condition the tire develops very little braking force. Finally, in Figure C5d, the tire is
moving at a speed such that Zone 1 extends throughout t he  contact area. (When dry contact
with the ground ceases , the tire is said to be “planing”.)

FACTORS AFFECTING THE AVAILABLE TIRE-GROUND COEFFICIENT
OF FRICTION DURING BRAKING

TIRE DESIGN AND CONSTRUCTION

Tire design factors , e.g. size, aspect rat io, strength (ply rating), type of construct ion, materials
and tread pattern, influence the coefficient of friction in so far as they determine the distri-
bution and average va lue of bearing pressure in the tire-ground contact area. The direct effects
of these design factors on the available coefficient of friction are discussed below.

There is no evidence that tire diameter directly affects the coefficient of friction available
on wet or dry surfaces.

On wet surfaces, at a given forward speed, the time available for the removal of fluid is deter-
mined by the length of the contact area. Conventional tires, of low aspect ratio, have propor-
tionately shorter contact lengths under given loading conditions than tires of high aspect
ratio. Thi~js, on wet surfaces at high speed, tires of relatively low aspect ratio (also known as$ “low profile tires”) may give reduced values of braking coefficient of friction. See figures C7
and C8.

Tire size and section shape are not independent parameters ; they are related to the design loads
anti construction of the tire. At present , all aircraft tires in general usage are of cross-ply con-
struct ion. Tests with car tires suggest that the use of radial-ply construction may provide a
small increase in braking force on wet surfaces. See figure C9.

TIRE TREAD MATERIAL

The treads of most aircraft tires are made with compounds based on natural rubber polymers.
The frictional properties of rubber compounds depend on the particular polymer and upon
t he quantities of filler and extender oil used to produce a practical tread material.

• Car (ref. 44) and trailer (ref. 46) tests show that some tread compounds (usually, but not
necessa rily, based on synthetic rubber polymers) can give significantly higher coefficients of
friction on surfaces of large macro-texture depth.. This effect when present, usually increases
wit h increase in lorward speed and is particularly beneficial in wet conditions. See figure ClO.
However , such compounds are at present considered unsuited to most aircraft applications,

• since their physical characterist ics do not provide an optimum solution to the many demands
placed on a tread mater ial.

1
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Figure C9.—Comparison of Production Radial and Conventional Tires.
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Figure C 10.—Skidding Resistance of Tires of Different Resilience
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TIRE TREAD PATTERN

P The primary function of a tread pattern is to improve the tire frictional properties on wet
surfaces. Two distinct types of tread design features are widely used to achieve this. Firstly,
circumferential grooves in the tire remove bulk quantities of fluid from t h e  contact area. This
is of greatest benefit on surfaces such as Ill and IV in figure C6 Secondly, t he wiping action
at sharp edges of . for example, cuts , slots and grooves, assists in breaking down the thin fluid
film in Zone 2 of the contact area.

The avai lable coefficient of friction appears to increase with increasing number of circum-
ferential grooves. However , detailed experimental work (refs. 43 and 45) involving closer
control of the geom etrical properties of the test tire treads, shows that further increase in
p is unlikely when the number of grooves is increased beyond four or five. See figures CII
and Cl 2. Such tests also show that p increases with:

(i) Increase in tread groove width (within the range of practical groove widths), See figure
C13.

(ii) Increase in the ratio groove width/rib width (up to a limit of about 0.4),

(iii) Decrease in the “mean flow distance”, i.e. the mean distance that a fluid must travel
latera lly in the contact area before reaching a groove, slot etc.; See figure Cl4.

The tread patterns on most current aircraft-type tires consist solely of circumferential ribs
and grooves. Grove depth has a considerable effect on the ability of the tread pattern to re-
move rapidly large quantities of fluid from the tire-ground contact area. References 41 , 49
and 25 show that in wet conditions the available coefficient of friction decreases with de-
crease in tread groove dept h, the effect being particularly severe on smooth surfaces such as
Ill and IV in Figure C6.

INFLATION PRESSURE

Inflation pressure is an adequate approximation to the average tire-ground bearing pressure ,
although carcass stiffness and tread effects produce some differences. Since it is a more con-
venient parameter to work with , inflation pressure is used here in preference to bearing pres-

- 

. 
sure.

On wet surfaces , a change in inflation pressure results in two primary effects.

(il In general, the coeff icient of friction decreases with increase in inflation pressure (refs .
22 and 46). See Figure C15.

(ii In deep water , Zone I of the tire-ground contact area can be large compared with Zones
2 and 3 and at high speeds it may become so great that contact between th. tire and the
runway is lost. It is found that increasing inflation pressure (provided the static tire-
ground contact area is kept constant) tends to offset this effect. Consequent ly, under
these conditions, the higher inflation pressure at which the tire is designed to operate.
the greater the speed can be before this loss of contact occurs .

I
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Rib Grooves Grooves width
(No.) (No.) (in.)

5 4 0.2
6 5 0.2
7 6 0.2

1.0 — — — — —
(Ref . 43)

0.8

0.6 — — —
Brake Force Coefficient ~~ ~~~~~~~~~~~~~~~ ~~7Rib~0.4 ~~~~ 

~ 6Rib ~ Peak rolling
• tire

0.2 — — ~ 5Rib J
Locked wheel

— — — — — ~~~ 5R ib J values
0 10 20 30 40 50 60 70

Speed .mile/h
Surface—smooth mastic asphalt, tires~— 185X15 radial ply, water depth—.0.05—0.10 in.

Figure Cl 1.—Results of Braking Tests on Tires with Four, Five and Six Equal Width
Circumferential Grooves

(Ref . 45)
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~ 0.2 ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 
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F _ I I !  _  _  _  _  _
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h = .02T0.04 in.
Tests using 1 85x 15 radial ply tires with straight rib tread patterns

• 5 Rib tire • 7 Rib tire A 9 Rib tire
£ 13 Rib tire 0 Smooth (peak) U Smooth (locked wheel)

Figure C12.—Experiment I Results on Rounded Gravel carpet
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Grove Grooves Rib Ribs
(Ref. 43) Width (in) (in) 

— 

width (in) (no.)

0.02 0.5 5
0.1 0.5 5
0.2 0.5 5
0.3 0.5 5
0.4 0.5 5

1.0 — —
0.8 0.2 in. 0.3 and

0.4 in, grooves

~~

~~ 0.1 in. grooves
.~~~~~~ 0.4 — — - - -~~~~~~~

___ .._ .

— — — — 0.02 in grooves
~~~~~

— smooth
0

20 30 40 50 60 70 80
Speed — mile/h

Test on experimentally produced five-rib patter tire, 185x15
radial ply; water depth, 0.03~0.08 in; surface, smooth concrete.

Figure C13.—Effects of Change in Groove Width on Peak Braking Force

( Ref . 43)
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(in) (in)

0.2 — —
~~~ 

- - 
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— -4— 12
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~ 8 ° I I 5 0.92 4 0.30I I I
0.1 — —1 ~c’ ~ —i---

4 I ~~~~ 
3O mile/h

“\ ~~

-... .~~~~~ 60 mile/h Test on indoor machine:
I 90 mile/h Load, 870 lb. tire inflation

0 1 2 3  4 5  pressure, 26 lb/ in2; effective
water film, 0.008 in at 60 miles /h;

Effective fiow distance—in surface, murled steel drum.
Width of circumferential rib

2

Figure C14.—Effective Cornering Grip for Tires Having Tread Patterns with Various Number of
Smooth Circumferential Grooves
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Figure C15.—Relationship Between Impending-Skid Braking-Force Coefficient
and Speed with Heavy Load Friction Vehicle.
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Figure Cl 6.—Effect of Surface Texture on Braking Performance-Anti-Locked
Wheel Braking-All Surfaces Wet
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RUNWAY SURFACE FACTORS

Surface Material , Texture

The effect of surface material on the tire-ground coefficient of friction arises principally from
differences in surface texture (ref. 7 , 2 1 , 4 1 , and 43). Figure C6 shows four idealized surfa ces
that illustrate combinations of two scales of texture .

(I) Large or macro-scale texture - this depends on the sizes and relative quantities of the
aggregates used. This scale of texture may be judged approximately by the eye. A
measure of surface macro-texture depth can be obtained by working a known volume
of grease or sand (ret . 25)  into the surface voids until a smooth finish is obtained. The
average texture depth is the ratio of the volume of grease (ref. 21)  or sand used to the
surface area covered. When measured in this way, runway surface macro-texture depths
usually lie in the range 0.004 to 0.1 in (0.1 to 3mm). The dimensions of individual

stones can be much greater tha n this (up to about 0.75 in , 20 mm). See figure Cl6.

(ii) Small or micro scale texture - this is the texture of the individ ual stones of which the
runway is constructed and depends on the shape of the stones and how they wear
(ref. 7) . It may not , in general , be judged by the eye but differences may be apparent

• to the touch. Experimental work (refs . 7 and 47) suggests that asperity heights as
• small as 40 x 1 0-6 in. (10-3 mm) play an important role in the friction process, partic-

ular ly on wet surfaces where they serve to break down thin fluid films. See Figures Cl 7
and C18 and Table Cl .

While , in practice , runways vary considerably in texture , the four surfaces shown in Figure C6
provide a usefu l means of characterizing the extremes that can be met.

For wet conditions , the effects of variations in surface texture on I~max are illustrated and
described in figure C6. This figure indicates the close relationship that exists between the
effect of surface texture , tire tread pattern and fluid depth. The curves in figure C6 are drawn
for a smooth tread tire; the effect of using a rib tread tire is to reduce the fall of I-’max with
speed for surfaces I ll and IV but not to affect appreciably the curves for surfaces I and 11.

Fluid Depth on Runway

In this report , the terms “damp ”. “wet ” and “flooded” are defined in terms of surface appear-
ance and the circumstances in which each occurs.

Damp: surface appears discolored compared to the dry condition but no standing water is
present , e.g. dew , very ligh t rain and in the final stages of the drying process after rain.

Flooded: large areas with standing water above the tops of the surface asperities. The rain
required to produce flooding depends very much on the macro-texture depth , the camber or
cross-fall of the runway surface , the available paths and the wind d irection and strength. It is
r.ire for a runway to be completely tlooded , but flooded conditions often occur where a run-
way follows the original ground contours through a hollow or depression or at , for example ,
runway intersectiollS.

_  

8:



_ _-

~

4

Profile of Draped

Direction of sI
4

R

Tread

Hydrodynam,c 

rubber

4

pressure

Figure Cl7.—Generat ion of Hydrodynamic Pressures
on Individual Asperities of Wet Road

P-Critical is maximum elastic pressure

Design range j  capable of sustaining a film at asperity
B A peaks

~~~~ for micro

AC— Elastohydrodynamic pressure

• 

P ritica l 

~ c CB— Elastic peak pressure only
DE— Zero hydrodynamic increasing

• ~~~~~~~~~~~~~ ....JI!...
jncreasing slope

• 
~~~~~i ~~~~

Direction of increasing
required micro.rou~~ness,

Figure C18.—Micro-Roughness Requirements for Different Asperity ,S’~apes

87

__________________________ p
~1•~ — :.~~~~~ 

- • - • ~~~ 
- —~~~ - -



- - 
----—----- —--- -- - - - •~~~~~~ 0~~~~~~~~~ - -.~~~~~~~~~~~

W C  ~C --- 0 0
W O . C • W ’ — 4-~~C~~O 4a sf l W ’ o-  W~~~~~~CCU)~~~~5. ~~~~~~~

‘— .~~ >, in 0 ~~ o4..) ~ 0 4.) 5. ~~ 
. Q U) ~~ ~~ Oi

ifl4)Q. 4)
-.-.C I .E — 4 ) O
l n i n I . W 4 )  ~~~L)4) .-. 4) ______ _________________I..~— 4.) 4.) -~~• 0ii~~ I.4~
~~~~~~~~~~~~~ -D ~D.—- _- 4.- s I. C

— ‘~~ .~~~~
Ifl 4) 4) ‘0 0 -J 0 U) U) 0’ U)
3~~~ I. C •0. ‘0 ‘.0 N- ~~

~~~~~~~~~~~~~ ‘0~~~~E4)’0IV OO  4.) O
~~~>~~~~~- .C ~~~~~~~

4) 4-) 4.) 
~D• U -— 4) C

‘0 4) 0 U) 0 ‘.0 C..I
4.) 5. a~ .C 0.0. ‘.0 ~~ 0’ 0’,F (fl.C C
~~~~~~~~~~~~~~ ~~~~~L - 0• U, .CI. C.D c~ -
WI- in 

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _5.4)
4-’ — 4)

• ‘4_ V ’.- 0 V -
~~I. C

-~~ 5. ‘0
in 4) in 0 D ._ I 0 U) C’~j  ~~~

~ 5. U C • 0 U) N. 0’ 0’
I— 4-’ --~~~~ ie~~~~EW i 0 0’.O 4-’ 0

~~~>.C(fl •)~~~~~(.~

4.) D
4) C4) in

0 0 0~ U) N-
0. - .C 0. 0. N- 0 0’

~~~~~~ E —
• C., i n ’ 0

.~~

C V-S 
. —‘0 S.. C
‘04 -)  ‘0

-— U~ V -J 0 U) C’J N- LI)
C • 0. ‘.0 ~~ 0’. y ~Cw

— L  
_ _  _ _ _ _ _ _ _

o 4)1- in 54)5.
I- 0 4 - ’4 ) E  ‘C4.~~—C > ’ ,U,4 J ’ 0 V0 ’ 0 Co
(/) 0.~~~U aj j w 1 . >,

.-V0 - .- 1J 0.0 1.
.CQ. Oj 04~

4)..- 4.)

• U) 4-) X -.-
‘0 ~~ 

.~~~~~~ 5
0 I.’0 (D

I.. I- O~~~~ —.
~a ~ 4.)
0 U ,  ~~~~~~ (fl
Ø 4 )  . .

~~J
I . E  Di—

I

0 - 
- 88

_ _  _ _ _  

- ~~• 0 • ~~~

- -

~~

--- -
~~~~~



_________________ - ___ -~ 
- .

-~~~~ 1 -

Wet: an average condition between flooded and damp. Overall , water may be present up to the
the tops of the surface asperities with scattered puddles of greater depth.

In damp conditions , with the exception of surfaces such as I in figure C6, the coefficient of
friction is noticeably reduced fro m the dry surface value , the effect becoming most marked on
surfaces such as IV in figure C6.

In wet conditions , the effect on p of changes in tire tread pattern and surface texture are as
described earlier. See figure C 19 (ref. 48).

In flooded conditions , the removal of bulk quantities of fluid from the tire-ground contact
0 area by means of , for example , large aggregate surfaces , grooved surfaces, porous surfaces and

tread grooves is essential if satisfactory braking is to be obtained at high speed. When surfaces
such as Il l and IV in figure C6 become flooded , a significant proportion of the retarding force
that can be generated at high speeds results from fluid drag on the tire (ref. 50).

Surface Deposits

Surface deposits commonly met on runways (sand , grit , dust , rubber deposits, hardened smears
of asphalt binder and paint) reduce the macro-texture depth and , in some cases, can affect the
surface micro-texture depth. However , due to lack of available data and involved complexity

0 these are outside the scope of present work.

AIRCRAFT DESIGN AND OPERATIONAL FACTORS

• Forward Speed

In general , l1max and ~LL skid decrease with increase in forward speed. The only significant excep-
tion to this pertains to the use of synthetic rubber compounds on large macro-texture depth
surfaces .

The additional effects tha t arise when forward speed is increased in wet conditions are described
under braking on wet surfaces (three zone concept).

Wheel Arrangement

Where wheels are arranged in multiple units , interference effects may occur on wet srufaces if
the passage of one tire either removes fluid from , or places it in the path of , a following t ire.

* However , wheel arrangement has a greater relevance to fluid drag forces and spray patterns than
to braking force.

• Tire Wear:

0 
For a typical aircraft-type , rib-tread tire , when groove depths have been reduced to about 20 per

0 

cent or less of the unworn value , the remaining tread may be “flattened out” under load and the
tire may behave as it smooth (ref. 2 1) .  See figures C20 and C2 I .
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Tire pressure: 215kN/m2
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Figure C19.—Effect of Water Depth on the Locked• Wheel Braking Force Coefficient with
A Radial Ply Patterned Tire (Ref. 48)
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Smooth tire~~~~~~~~~~~~~~~~

Average tread depth (mm)
(Ref. 25)

Figure C20.—Effect of Tread Wear on Braking Performance-Surface Wet
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Figure C21.—Peak Braking Force Against Tread Depth-Bridport Gravel
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Normal Load on Tire

The effect of normal load changes on ~ for dry or wet surfaces is negligible (ref. 22), since
the tire acts as an elastic body and the contact area increases uniformly with load with little
change in average bearing pressure. The effect of the rise in inflation pressure , which occurs
as the tire deflects under Increasing normal load , is small. For example , the pressure rise due

a to loading a tire fro m zero to its rated deflection , i.e. at rated load (ref. 34), is 3 to 4 percent
of the rated inflation pressure.

Pavement Temperature and Clima te Effect

Skid resistance tends to decrease with increase in temperature. The magnitude of the loss
depends on the texture of the surface as well as the viscosity of the surface material , see figure
C22 .~ Freezing of pavement occurs at ambient temperatures several degrees below 32°F. The
presence of ice has an important effect in modifying the surface texture. The friction coefti-
cient ranges from 0.1 5 on hard ice to almost zero on wet frozen surface. The change in skid
resistance with time of year is a function of the climatic conditions affecting the weathering
of the aggregate topography, coupled with the action of traffi c accelerating the break-up of
the topography weakened by the weathering action. A study has been made on a by-pass
(7 ,000 vehicles per day) using a vehicle and a Skid Resistance Tester to measure wet skid
resistance , and taking samples fro m the pavement surfaces for examination in the scanning
electron microscope. The change in skid resistance throughout the year is shown in Fig. C23
for a braking area.

Traffic Density

Loss of friction is usually most severe during the first 2 years after construction , see Figure
C24. Thereafter , the rate of polishing decreases and eventually reaches a stable level of
smoothness.
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• Figure C24.—Effect of Traffic on Friction Coefficient of Pavement Surface.
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APPENDIX D
DiMENSIONAL ANALYSIS TECHNi QUE
DETERMINATION OF Pi TERM S (REFS. 1, 27 & 5 1)

The easiest and most orderly procedure for developing pi terms from a list of variables is as
follows (ret’. 5 1). The ten parameters needed to define the problem are summarized in Table
D-l , where their fundamental dimensions are also presented in the mass (M), length (L), and
time (T) system. The list of parameters can be reduced from ten to nine by writing, by inspec-
ticn , one pi term that is already a nondimensional quantity.

-
- 

7r 1 p

Next we arrange the remain ing nine quantities in a matri x with their fundamental dimensions.
Across the top of the array we write the variables , and down the left side we write the funda-

• mental dimensions , in this case M , L, and T. Under each variable , we write the powers to
which each dimension is raised in each variable.

C1 C2 C3 C~ C5 C6 C7 C8 C9
V P dt1. w z dtr h p

M 0 1 0 0 0 1 0 0 1

L. 1 -1 1 1 1 1 1 1 -3

I -1 -2 0 0 0 •2 0 0 0

We now apply the matrix algebra theorem , which states that “from a matrix there will be a
number of independent equations equal to the rank of the matrix ”; the rank of the matrix
is defined to be the order of the highest-order determinant of the matrix that differs fro m
zero. Becausc in dimensional analysis there always exists more columns than rows, and
because a determinant is a matrix with equal number of rows and columns, we can select
numerous combinations of different columns from the matrix and combine them into deter-
minants. Some of the determinants fro m our matrix are :

1 0 1  0 1 0  0 1  1 1 1 0 1  1 1

—l I I I — I  1 1 1 — 3  — 1 0  1 — 3  —1 —3

-2 0 -2 -1 -2 0 0 -2 0
(a) (b) (c)

T h e  order of a determinant is the number of columns or rows in the determinant. The first
three determinants are third-order determinants , and the last three are second.order deter-
minants. Although the determinants of (a) equals zero , the determinant of (b) equals - I .0
and is, therefore , not zero. This observation means that the rank of our matrix is 3 and tha t
the totai number of dimensionless products in a complete set is equal to the total number of
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Table 0-1.—Parameters for Tire Correlation Model

FUNDAMENTAL
PARAMETER SYMBOL DIMENSION

Pea k Available Mu P -

• Forward ground speed V LT 1

Ti re inflation pressure p ML 1 T 
-2

Tire tread depth dtr L

Ti re nominal diameter D L

Ti re section width w L

Tire vertical load Z MLT~
2

Runway macro-texture depth dt~ 
L

Fluid depth h L -

Fluid density p ML 3
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variables minus the rank of their dimensional product or minus the number of independent
equations. Thus we have 9-3, or 6 more ir terms. Our three eq uations can be written by
inspection fro m the preceding matrix as:

C,+ C6 +C9 = 0 (D-l a)

C1- C 2 + C 3 +C4 +C 5 + C 6 +C 7 +C8- 3C9 = 0  ( D-lb)

C 1 +2C 2 + 2 C 6 = 0 (D- lc)

Solving in terms of C4, C6, and C9 we get

C4 = C1 + 2 C2 - C3 - C5 - C7 - C8 (~~2a)

c6 = ~~ + 
C2) (D-2b)

C9 = ½C 1 (D-2c)

Substitution for C4, C6, and C9 in a state ment of dimensional homogeneity gives:

{(V) )C2 d ) C3 (D) lCl + 2C2 - C3 - CS - C? - C8] (w)C5 
(Z)

h / 2  - C21

(d tX )C? (h) C8 ~~ /2Cl 
= M°L°T° } -

Collection of exponents with the same coefficient gives:

(VD~~~~ 
C 1 ( PD) C2 (Jr) C3 A C5 C7 ~ 

C8 = M°L°T°

• These six nôndimensiona l quantities are the additional pi terms. in dimensional analysis, pi
• 

. terms can be multiplied to form new groups of pi terms. They can be inverted ; they can be
squared , or -their square roots can be taken. Such manipulations are proper and are usually
performed to create a more convenient ratio of physical phenomena. Thus:

(VD~~~~2 = (P V D ) afld [(.i ~ )] ~ 
x (

~
/ J w/ D ) =

The term (!) is defined , by some authors , as t~ie tire aspect ratio. However, the aircra ft tire
manufactuI~rs define the tire aspect ratio as (~~~ where d is the rim or wheel diameter. Since
this parameter is readily available (in the numeric form) in tire data tables , (w/D) pi term was

4
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also modified to be ~~ Rearrangement of the six pi terms obtained algebraically, together
with the one pi term written by inspection , gives:

= (
~

)

(,r2) = (dtx/D )

(T3 ) = (dtr/D )

(~ 4) = (hID)

(~r5) = (D-d /2~ )

~o) = (Z/ pD~1wD )

(,r7) = (pV 2D2/Z)

This result yields the functional relationship that:

(
~

) = F( d tx fD , dtr fD , hID I~~~ /2w , Z/ pDJ wD ,pV 2D2/Z) (D-3)

or (111 ) = F (ir 2, ~r3~ ~~ ~r 5~ ~•o~ ~~) (D-3a)

~ 

UI
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APPENDIX E
RAW DATA AND CALCULATION OF P1 TERM S

Table E-l and Figures E-l through E-8C show the raw data taken from references 18, 2 1 , 50,
52 , 53 , and 54. Tables E-2 through E-7 show the actual data points transcribed from Figures
E-1 through E-8C as well as their conversion to nondimensional terms. The calculation for T 1
through ir7 are straightforward. The following arra y shows the interrelationship of various
figures, references and tables.

Taken from Converted to Shows data
Figure No. ret~ ence No. table no. variation between

E-1 21 E-2

E-2 . .3 50 E-3
‘ plus Table E-1

E-4 52 E.4

E-5. .6 53, 54 E-5 lrl, 715

E’7 , 8a, 8b, 8c 18 E6

E-7 , 8a, 8b, 8c 18 
- E-7

4;— 
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _• —•••—•*
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Figure E-2---Effects of Non~jniform Tread Wear on Wet-Runway Braking Effectiveness at SelectedVelocities for Tire I. Tire Pressure, 150 PSI. (Ref. 50)
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Figure E-3.—Effects of Uniform Tread Wear on Wet• Run way Braking Effectiveness at Selected
Velocities for Tire II. Tire Pressure, 150 psi. (Ref. 50)
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• Figure E4.—Effect of Surface and Water Depth on Locked Wheel Braking Force Coefficient

(Ref. 52)
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Figure E-6,—Effect of Ground Speed on 4 ~d’ and T
~ 

at 100 Yaw Angle on
Dry, Damp, and Flooded Surfaces. Brake Torque =0. (Ref. 54)
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Figure E-8,---Dependence of Friction on Velocity and Inflation Pressure
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Table E4.—Water Depth on Runway vs ~ Data (114 vs

WATER h ILor (1r~
) @ VELOCITY IN KNOTS SURFACE BASIC

DEDTU ~ 
x D TYPE DATA

r u n  25 50 75 100~m or (114)

0.2 .008 .52 .437 .41 .390 New
- 1 .039 .45 .363 .18 .166 Patter’fled

Ti res
I 

2 .079 .44 .262 .15 .110 Smooth A .R. = .90

4 .157 .42 .175 .12 .08 Concrete z = 7900 lbs.

6 .236 - - .10 - 
dt~ = .005

in. D = ?
I 

• 10 .394 .39 .125 .08 - (A)

.2 .008 •60 .50 .46 .480
Rolled New

1 .039 .54 .43 .38 .230 Asphalt Patterned

- 
2 .079 .525 .363 .33 .165 • d = .013 Ti res

¶ • 
tx 

~~~ A .R. .90
U 4 .157 .50 .30 .22 .120 (C) z = 7900 lbs.

- 6 .236 - - 10 .100 0 =

7 .276 .45 .26 - -

.2 .008 - .538 .60 .56

2 .079 .57 .438 .36 .21 Quartzite

4 .157 .55 •400 .25 .155 Macadam

6 .236 .51 .312 .18 .135

9 .354 .45 .250 .112 .111 (E)

Locked wheel; automotive tire test data
Extrapolated data
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APPENDIX F
FORM U LATION OF COMPONENT EQUATIONS

I. ARRANGEMENT OF P1 TERM S

The experimental data converted to nondimensional pi term s m ust be arranged so that all of
the pi terms containing independent variables, except one , remain constant. The remaining
term is then varied to establish a relationship between it and ~q,  the term containing the
dependent variable. This procedure is repeated for each of the independently variable pi
terms in the function. Table F-I shows the arrangement for each of the six data sets. Each
page is a comp lete data set with four sets per page to show the data at 25 , 50 , 75 and 100
knots.

2. COMPONENT EQUATIONS

When the observed data had been arranged as descr ibed above , relationships between 111, the
term containing the dependent var iable, and 1r2, 7r3~ 714, 

~~ 
116, and 717 in turn, the terms

wit h independent variables, were obtained using statist ical curve fitting programs. The rela-
t ionship between 

~ l and other individual ir terms are called component equations.

Plots were prepared of ir
~ 

vs ir-,, ir 1vs 713, ll j vs 714, 1r
~ 

vs 715, 711 vs and ‘1l vs ir-~ for all
conditions using data from Table F-I. These plots are shown in Figures F-I through
F-6. This helped determine t h e  general torm of relationsh ip that could exist between

and ir -.’, il l and 113 and so on; e.g. if the ir 1vs 71~ uata plotted as a straight line on
t h e  log-log paper , t h e  relationship shoulu be of the form

y = AX B (F-I)

— where A is a constant and B a polynomial.Logarithms of both sides in Eq. (F-I) give:

In(y) = A + B  lnx

- •~ or ln ( i r 1 ) = l n ( A ) + B  In( ir 2)

which is the equation for a straight line. Thus with 111 and 112 as inputs and the desired
Output in the form of Eq. (F-I ), two computations would be necessary, namely a log
transformation and a determination of the constants, the latter requiring simple regression.

Simple regression is a statistical method to help fit the ‘best ’ line to a given set of data using
the least square principle. Given that y is a linear function of an independent variable x, the
most probable position of a line y = A + Bx is such that the sum of squares of deviations of all
points (x , y) from the line is a minimum; the deviations being measured in the direction of the
y-axis.

Even though ti me plots shown in Figures F-I through F-6 were not always linear; they were
assumed so to keep the model (concept) simple. Better relationships such as multiple linear
regression or polynomial regression etc. could be used to define these relationships when actual

A
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- test data becomes available. All component equations were thus obtained using simple regres-
sion. A flow chart depicting the formulation of component equations is illustrated in Figure
F-7. The curve fitting computer programs were used from reference 55. The component

- 

equations when plotted make the raw data (Figures F-I to F-6 ) look like Figure F-8 to F-I 3.
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APPENDIX G
FORMULATION OF PREDICTION EQUATIONS

1. DETERMINATION OF FUNCTIONS

As pointed out in section Ill , the component equations representmg relationships between
and other individual p1 terms are combined to give a general relationship. This combina-

tion is not always simple, but under certain conditions it may be reasonably direct. The
function on the right-hand side of the general equation: 5-

- 

~ l = F (112 , 713, 114 —
~~~ k~ 

(G-l)

may denote any combination of the pi terms. We will now determine the conditions neces-
sary or sufficient for certain simple combinations to exist.

2. CONDITIONS FOR FUNCTION TO BE A PRODUCT

Since seven pi terms are involved in the phenomenon:

= F 
~~~ 

113, 714, 715, 
~ó’ 117) = F (

~2—*~7) (G-2)

Experiments would be carried out varying ir-~ and holding 713, 714, 115, 
~6 and 117 constant.

From a plot of ir
~ 

against 712, the relationship:

~~~~~~~~~~~~~~~~~ ~~~~~~~ 
= 

~i 
(712, 1r3.~~ 7) (G-3)

in which the bar denotes constant values , could be established. From another set of experi-
ments, with 712, 114 to 717 constant and 713 variable:

~~l~~2,4-÷7 = t 7 (713, 112~
717) (G-3a)

may be established. Similarly the relationships : -

~~~ 2 . ~, ~~
—‘

~~ 

= 

~3 (114 ’ 712_.. 117) (G-3b)

(111 ~~~~~~ ~~

‘

, ~ 
= f4 (ir s , 

~2—’7~ 
(G-3c)

~‘ i~ ~~~~~~~~ ~ 
= 

~5 (~& ‘~2-~ 7~ 
(G-3d)

~~1~~2 -6  = f6 (ir7, 12_,16 ) (G-3e)

could be established. Equations such as G-3 to G-3e, determined by holding all but one of
the pi terms in the function constant, are called component equations.

Under certain conditions, t he component equations can be combined to form the general
prediction equation by multiplication for example:

-



— - ~~~~~~~ _ _ ~~~~~~~~~~~~~~~~~ 4~~ -. - ‘

~l C(ir 1 )~~+~~(71i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~ (G-3fl

To establish those conditions, we first determine the constant C in Eq G-3f by assuming that
t he component equations are simply multiplied to form the general equation:

F (,r-,~ ir7 ) = 
~1 ~~~ ~

3_~~7) 
~2 (713~

7r2_,~7 ) 
~ ~~ ~2—~ 7~ 

14 ~~ ~2-~ 7~
- - — — — (G-4)t~ ~~ô’ ~~~~~~ ~ (ir~ , 

~2-~~6~
$ It’ this is true , the first set of tests , with 713 to 117 constant , will give:

F (712 , *3~,1r~ ) = f~ (71,, ff 3~ i7 ) f 2 (~ 2~~~7 ) .—— f6 (ff 2~ tT7) (G-4a )

from which

F(,r,,~Y 3..,ff 7 )
f 1 ~~~~~~~~~~~~ = - — 

— 

— — (G-4b)
- 

~2 ~~~~~ ~6

The second set of tests , with and 114 to 717 constant , gives from Eq. 6-4:

F(113,~F-, ...~ff 7) = t i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ f6 (W2J7) (G-4c)

from which

F (713, ~2,÷ff 7)
f- , (ir -~, ff-,.,J.~) = - — - - - — 

____ — — (G-4d)
- “ 

~ 
t l ~~~~~~ 

13 ~~~~~~~ 
— ~

Similarly third, fourth, fifth and sixth sets of tests will give:

F (ir4, ff’,J7)
f (7r 4, ñ-~~,ff 7 ) = - — — - — . -

- 

— — _____ 
- - — (G-4e) -

— ‘ i ~~~~~~ ~2 
~~2—~~

7) 14 ~~~~~~ 
- 

~6 ~~~~~
F (ir 5, ff-,~ i 7 )

- - - - - (G-4f)14 ~~~ ~2—~~7~ 
— 

~
‘l (~f2_~ff7 ) — 13 ~‘~2—’~7~ ~5 ~~~~~~~ 

— 

~o ~~2—~~7~

F (
~ 6~ ~~‘-~~~~ )

~s ~o’ ‘~2—~-~7~ 
= 

~1 ~ 2—~’7 — t~4 (,Y~ .1,ff~ ) 
~6 (f2_,f7) (G-4g)

F (117. 11~~
1r6 )

t (.’ (717, ‘~2-’~’& = 

‘i ~~~~~~~ ~5 (ff2 .~f7 ) (G-4h)
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Values of f 1 (n,, 1r3.,1r7 ). I-, (
~~~ , 

~~~~~~ 
etc. From Eqs G-4b and G-4d to G-4h are sub-

stituted into Eq 6-4 to give:

F (ii -, , ~3~~1T7) F (713, 712~!7
) F (714, ‘~2-~~7~

F (715, 1I 2_~,117 ) F (p6’ ~2—~~7~ 
F (717, 

~2-”~6~ -F (1r -~~, ir 7
) = (64i)

— If (i2~,~~7)— 16 (ff 2,.4ff7 )J

However , the denominator of Eq. G-4i is found from Eq. 6-4 with all 
~2’ 713, 714, 11~~, 

~6 and
117 constant: $

- F ( ~ -,..,ii7 ) = f 1 (~ 2_~~7 ) f 6 (~ 2 , .ir 7) (G-4j )

— Hence:

F (712, 7r3..7r 7) F (713, 1r2~.
117) F (714, 1r’2 ,117 )

F (115, ~2~,
l17) F (116, 

~2—~~7~ 
F (117, 

~2-~’6~ 
(6-4k)

F (11-~.~ 7r 7 ) = _______________________________

—

In addition to giving the value of C in Eq. G-3f as l/ [F (~2~ff7 )] 5 , Eq. 6-4k indicates that
the six com ponent equations must have the same form,

A test for t he validity of combining the component equations as a product may now be
developed by assuming that a seventh component equation is determined from a seventh
set of data in which one of the pi terms is held constant at a different value than in the
preceding set of data. For example, the general Eq. 6-4k was determined by holding 717

constant at a value of il-7, but if valid, it could also have been determined from a set of data
in which 117 = 717. Then:

F (ir,, 113..~.7r 7 ) F (113, 
~2-~~7~ 

F (714, ~
‘2—*’7 )

— 
F (1”~~, ff 2 ,.,11) F 

~~6’ ~2-~~7~ 
F (717, 

~
‘2-~~6~ 

(6-5 )
F (71,~~r7 ) — 

—[ F ( ~i2~ i7) J

The right-hand side of’ Eq. 6-4k must equal the right-hand side of Eq. G-5. Hence :

F 
~~~ 

7134 . 717) F (11
3. 

ff1...*- 7) F (114, ~~~~ 
F (1r,~ ~2-”~7~ 

F 
~~ô’ ~2-~~7~

F 
~~2- ~3~ 717) F (713, ~~~~ 

F (114, 
~~~~ 

F (11,~~ ~2~~7 F 
~~~~~~~ ~~~~~~ (G-6)

IF (lr,J7)] 5
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Similarly, if 71-i had been held constant at a different value, ~~-~ : 
-

F (713. 
~2-’~7~ 

F (714, 712_~
717) F (1r,~~ ~2—’~7) F 

~~ô’ ~2-’~7~ 
F (717, ~2,..ff 6)

2
~

ff 7 ) j 5

F ( 113, #i~ ff 7 ) F ( 7 14, 1 l 7) F( 715, # , 7 ) F(71 6,~~~J7) F (717, -ff2~ ff6) 
-

- (6-6a)
[F(~ 2..~~7)J 5

Equations 6-6 and G-6a constitute a test for the validity of Eq. G-4k. That is, if the supple-
mentary sets o1 data satisfy either Eq. 6-6 or G-ôa , the general equation may be formed by
multiplying the component equations together and dividing by the constant , as indicated in
Eq. 6-4k.

Thus, if the general equation for a system involving k pi terms was formed by multiplication of
the component equations, it may be shown that the form is:

= F(712. i13, -ff4 ~
m k ) F (

~ 2, 713,1
~4 ilk) . .  - . F(~2,~~3, W4 ~~ (6-7)

[F (ii-,, 713, 114, . . .

In this, 
~2 must be the same in each component set , 113 must be t he same in each set , etc.

Similarly, if the general equation for a system involving k pi terms is formed by addition of
t he component equations, it may be shown t hat the form is:

~l = F (ir,.~~3, ff 4 ‘~k~ 
+ F (ff-, , 713, il4 ilk) + F (*-,,ff 3, 7r4 

(G-8)
+ . . . .F (i 1 , i3, ff ~ 71k)- 2 ) F (

~ 2, ff 3,~~4 

In general, t he possible methods of formation of general equations discussed above are ade-
quate for the majority of engineering problems. Regardless of whether the resultant predic-

-• t ion equation is formed by multiplication or by addit ion, a constant term of t he form:

F(~ 2, ii3,i4 

is involved, and t his constant can be evaluated from any one of the component equations.
As a general policy, the constant should be eva luated from each of the component equations.
Each should give the same value as the others. If not , error is present , and the equations
should be checked . As explained earlier, section III, due to the nature of available data, both
tests of validity were assumed applicable and the predictions equations were formed by the
multiplication method .

The 48 component equations were listed in Table 4, section III. Table 6-1 shows the possible
combinations of these component equations to form 48 prediction equations. For example,
the first combination consists of equations 4, 8, 12 , 24, 28 and 40 and is for surface ‘A’ and
Vff-~ = 25 knots. What follows is a sample calculation.
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Table G- 1.—Possible Combinations of Component Equations

Eq Eq Eq Eq Eq Eq/Eq/Eq/Eq V~ 7 Kn

4 8 12 24 28 40/41/42/43

4 8 16 24 32 44/45/46/47 25

4 8 20 24 36 48/49/50/51

5 9 13 25 29 40/41/42/43

5 9 17 25 33 44/45/46/47 50

5 9 21 25 37 48/49/50/51

6 10 14 26 30 4 0/4 1/4 2/4 3

6 10 18 26 34 4 4/ 45/4 6/4 7  75

6 10 22 26 38 48/49 /50/51

7 11 
— 

15 27 31 40/41 /42/43

7 11 19 27 35 44/45/46/47 100
— 

7 11 23 27 39 48/49/50/51 
-

Note: The equation numbers correspond to Table 6.
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SAMPLE CALCULATION OF A PREDICTION EQUATION AND ITS CONSTANT

= 1.3757 
~~~ 

.7046 
(4) (~ ) From Table

= .4659 (713 ) .1 200 (8) (It3) = 1 .25 .4785

= .3650 (714
)_ .0714 

(12) (It4) = .15 .4179

~~~~~ 
= .4098 (71~~ ) .3089 (24) (It5 ) = .842 .3886

~~~~~ 

= .5536 
~~~~~ 

. 1 1 1 7  (28) 
~~~~~ 

= .1596 .4510

~~~~~ 
= .3473 ~~~~~ 

-.3129 (40) (ñ
7) 

= .361 7 .4774

C = 
.4785 x .41 29 x .3886 x .4510 x .4774

or
C = 59.77

= 1(59 .77 x 1 .3757 x .4659 x .3650 x .4098 x .5536 x .3473) x

or 

(112
,.7046 

(713
).1200 (714~~~

0714 (715
) .3089 

~~~~~~ 

117

= 1 . 1 017  (112 7046(113) 2o°(7r4)~
°714(715)~

3089 
~~~ 

I7 (717)_.3I29

(G-9)

This procedure was repeated for all possible combinations and Tables G-2 and 6-3 respec-
tively show the calculated values of ‘C’ and the resulting prediction equations. Equat ions
6-9 to 6- I 2 are different fron~ ~ne anot her only in their constant term ‘C’ and the exponent

- 

- of’ the term 11-7 . This is true about each set of 4 prediction equations for a given surface and
a velocity. Thus equations in eac~’ set generated solutions that were within ± 1% of each
c~her as shown in Table 6-4. This small deviation allowed averaging of four equations into
one, resulting in only I 2 prediction equations shown in Table G-5 .
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Table G-2.—Calculated Values of ”

V~
. VALUE OF CONSTANT C WITH REFERENCE TO TABLE G-1

25 59.77 70.13 77.83 92.02
34 .18 36.80 40A3 45.97
20.94 21.89 - 24 .44 27.81

50 337.31 360.5 392.05 478.96
104.47 113.6 123.15 136.12
42.11 43.6 47.67 53 .68

75 182331 1844.47 1982.3 2468.65
534 .96 585.14 631.8 684.19

149.93 154.36 166.6 186.6

100 10,015.03 9747.6 
- 

10,388.0 13 ,115.7
3,201.5 3515.9 3 ,786.1 4 ,040.8

566 .98 581.45 622.3 693 .8

- 1
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p4 Table G-3.—List of Possible Prediction Equations.

25Kn

9 
A. = 1.1017 (~~~) .704 6 

(~~~).1200 (~~~)
.O714 (~~ ).3O8 9 (~ 6 ) h h 1 7  ( w ) ’ 3 1 2 9  (6 9)

(1
~~ ) 1.1796 (IT

2~~
7046 (~y ) ’ 1 2 o° (IY ) ” ’°714 (f~

.).3O89 (lr)’ ’117 (‘ir )~’
’2455 (6-10)

1.1973 (~ 2)~
7046 (4~y).12OO ( n . ) ’ 0 7 1 4  (~~~).i089 (IT6

)’1117 (w y ~~
2308 

(6-11)

(i~j )  r 1.1690 (ir2~~
7046 (fl~).1200 (ir~

y.0714 (IT).3089 (~ 6)~~
h h1 7  

(1
7)

_ .2546 
(6-12)

I

- 
C.  (1v~~) 1.2994 (11

2)~
b046 (.71).1200 (T)•°742 (IP’).3089 (~ 6)~

1665 (~n ’ ) • 2443 
(6-13)

(IVj )  1.2901 ( m r2 )’ 7046 (1!~).1200 (1r~y~~
O742 (,7 ).3O89 

(~ 6)~~
1665 

(i y~
’2515 (6-14)

= 1.2958 (iT
2
)’7046 (~n -) ’20° (~,.)

_ .0742 (IT)’3089 (IT)’’665 (IT~~~~
2469 

(6-15)

(1r1) = 1.3304 (7, )•7046 (fl )’120° (~
f l— )  0742 (W Y’3089 (IT).1665 ( IT )~~

2214 - 

(6 - 16)

E. (ir1) 1.3949 (1r2
) ’70 46 (IT)~

12oo (IT)’ .l5l8 (IT)-3089 (n’)’’855 (‘n y ’ ’ 0640 
(6-17)

(
~~

) = 1.4045 (~~ ).7046 (~~).12O0 ~~~~~~~~~~~ 

1518 
(~~).3O89 (iT

6
)’ 1855 (IT)’0572 (6-18)

-, 

1.4263 (.7.().7046 (1,.).1200 (1~)
_ .1518 (IT).3089 (n.).1855 ( n ) ~

’
~

°418 (6-19)

(1r~) = 1.4372 (I,.).7046 (17. ).1200 (IT)~
•
~
’518 (IT )’3089 (116)

1855 (ir7 y’ 0345 (6-20)

5OKn ‘ - - - -

A. = .9653 (IT2
)’7887 ( py ) .2S O l  (,)

_
~ 3347 (IT

5
).645 (,1).2002 (ir7~~

’3129 (6-21)

(1r~
, ) .9415 (n’)’7887 (IT)’2501 ( i f ’ ) ’ 334 7 ( ,r)’645 (1r6 Y’

2002 (T ) ~~
2445 (6-22)

(-Tm~ ) = .9365 (n’)’7887 (.fl. )~ 250l 
(17’)

’3347 (IT)’645 (n”) .2002 (~
.)•23OB (6-23)

* (tv’~ ) = .9448 (n’)’7887 (f ~~)~~
2501 

(~~~)
_ .3347 (T).645 (n’)

~
2OO2 (IT)’2546 (6-24 )

C. (IF
1) 

1.1578 ( w ) ~~
7887 

(~~~) .25O 1 
(~~V )
..1864 (.W).645 (

n’.).16O2 (n’)
’
~~

2443 
(6-25)

(iT1 ) = 1.1609 (
~j )~~

7887 ( IT) ’ 250 ’  (IT) ’l864 (lr) .645 (lr)’’602 ( w ) ’ 2 5 1 5  (6—26)

(iT
1 ) 1.1593 (~fl~)~

7887 (n~
)’2501 (1V~~~

’1864 (~~ ).645 (1T~).1602 (1r7)
’2469 (6—27 )

(iT
1) 1.1482 (~~ ).7887 (.fl. )~2501 (~7.) _ .1864 (n ’ ) .645  (n’y l6O2 (lp’ )

” ’2214 (G-28 )
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Table G-3.--List of Possible Prediction Equations (Continued)

5OKn
= 1.0781 (iI~2)~

7887 (IT3
).2501 

~~~~~~~~~~~ 

177 3 (1r5 )~
645 (17~

).1482 (fl~)~~
o640 (6-29)

- ( 17-j ) = 1.0756 (1r~
) ’788 7 (n’).2501 (1~)

_ .1773 (1 ).f~45 (~~
).l482 (i~~y~

0572 (G-30)

( lTj ) = 1.0692 (lr)•7887 ( n Y ’ 2501 (IT ) ” ’ ’7 7 3  (IT) ’ 6 4 5  (n- ) ’ 1 4 8 2  (n..) .0418 (6-31)

(l’j ) = 1.0667 (1r2 Y’
7887 (lr).25O1 ~iir.1773 (1r )~

645 (?r)’1482 (V~y~~
0345 

(6-32)

75Kn
A. ‘(

~ T = .7154 (7,.).7265 (D’)’2234 (1r )~~
41 13 (17’)’3555(n’) 2204 (,~..)

_ .3l29 (G~ 33)

(1r1) .6604 (~~ )~ 7265 (1T~j ) .2234  (i~ )”.411 3 (trs)13555 (TT’6) .22 04 (r7 ) ”.2455 (6-34)

(1T~) = .6491 ( I T) ’ 72 6 5  (IT)~
2234 (IT)” ’4113 (‘7T)135S5(17-)’2204 (~p )” .23O8 (6-351

.~-~~.726S (IT’)’2234 (~p ) ~
’4113 (.n’)L3555 (-n.. y 22O4 (n’)” ’2546 (6-36)(nj ) = .6675 

2~

C. (f7~~) = .5862 (I7~).7265 ( I T) 2234 
(n’)

” 382O 
(n’)

l.3555
(~~~

).l2S7 
(~7.)

.2443 
(G-37)

(W
i

) = . 5912 (n’2~~
7265 

(~~~
).2234 (~~~)

.3820 
(~~~~

.3555
(~~~

) .1257 
(~~~)

.2515 
(6 38)

(n’1
) = .5880 (1r2

) ’7265 (.n’).2234 (n’y’ ’3820 (n’)L3555 (.lr)’1257 (rr y~
2469 

(6-39)

(tj )  = .5706 (ir2
) ’7265 (n~ ) 2234 (1i~y~

382° (fr5 )L3SS5 çfl~).l2Sl 
(~~~)

_ .22 14 
(6-40)

E. (ni ) = .4571 (7r )~
7265 

(u )’2234 (n- )~~
4004 (r5 )”3555 (1,~)’’254 ( r ) ’ 0640  (6-41)

(6 42)= ~~~~~~ 2
- 

~~~~~~~~~~ ~~~~~~ (
~~

).2234 (n’ y’ ,4004 (w
5 )1 3555 (11~ ) 1254 (IP’ ) 0418 (6 .43)

.4415 (n’2
)’7265 (w)’2234 (n’~~~

’4OO4 (n’ )1’3555 (v- ) ’ 1254 (n’)’0345 (6-44 )

lOOKn 0071 .1942A. 
~~~ 

.1957 (lr)’3361 (~~ ).1192 (IT’) ’5376 (n’. )3, 
(
,,, ) ( n ’ )” .3’29 (6-45)

(n’j ) .1739 (T ) ’3361 (i~’)
1192 (fr y”5376 (1)3.0071 (,...).1942 (n’~~

”
~

2455 (G- 46)

.1694 (
~“Y~

3361 (D”)’1192 (~ry’~
5376 (n”)3’ 0O71 (n’)’ 1942 (IT~) ’~’2308 (G..47)

(w1) .1767 (n’ Y’
336’ (n’)’”92 (~7~~’

’5376 (‘vr )3’0071(w ) .1942 ( 1 P ) ’ 2 5 4 6  (G-48)

A
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Table G-3.—List of Possible Prediction Equations (Concluded)

-~~ 
~~~ 

= .1667 (~~~).3361 (~~~
) .1192 

(~~~) .4645 (n’)3,0071 
(~~~)~

Q992 
(~~~) .2443 (6 49)

= .1688 (.7, ).3361 (n’)•1192 (n’y .464 5 (77~)3.0071 (n~
)’°992 (1~5y’

•2515 (G-50)

(irk ) = .1674 (w~~
’3361 (r)’ ’192 (n ) ’4645 (u7_ )3.0071 (IP’)•0992 (~

“Y ’
’2469 (6-51)

- 

(n’~
) = .1601 (n’)~

3351 (n’).1192 (~~~y~
.4645 (i~~)

3
~

0071 
(~~ )

.0992 (n’)”’2214 (6-52)

E. (ir
1
) = .1336 ( n ’ ) ’ 3 3 6 1  (~~).1192 ( I T) ’.4254 (.,y.)3.0071 (fl”)•111° (IT’ )’.0640 (6 53)

= .1320 (1~2)~
3361 (w ’ ) ’ ’ 1 9 2  (n’)~~

4254 (.~.)3.0071 (r ) ~~
1110 (~7~)

_ .0572 (G~.54)

.1284 ( I T) ’3 3 6 ’  (n’)’’192 (n’)
’4254 (7r ) 3 ’°07 1 (nr).lllO (fr’ )

”’°418 (6-55)

— 

(ir1) = .1268 (~~~).3361 (.n’).1192 (n’)”’4254 (,,..)3.007 1 (1r )~
1110 (n”) .0345 

(6-56)

9

a

.
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Table G-4.—-A veraging of Predsction Equations with Similar Solutions

USING (1h
1)Av % Devia t i on  Average

EQUATION ( ‘T
l

) ~~~‘ from Avg . Deviation

G-9 1.4085 1.2
.456 -10 1.4304 1.4254 0.3 0.60

-11 1.4352 0.7
-12 1.4277 0.2

—13 1.5742 0.1
- 14 1.5718 1.5755 0.2 0.25
-15 1.5730 0.2
-16 1.5830 0.5

-17 1.4668 
— 

0.3
-18 1.4690 1.4716 0,2 0,25
—19 1.4739 0.2
-20 1.4767 0.3

1.026 -21 .9576 1.8
-22 .9356 0.9407 0.5 0,87
-23 .9310 1.0
-24 .9386 0.2

-25 .1506 0.1
-26 1 1534 1.1494 0,3 0.32
-27 1.1520 0.2
-28 1.1417_ — __________- 0.7

-29 1.0763 0.5
-30 1.0740 1,071 0.3 0.40
-31 1.0680 0.3
-32 1.0657 0,5
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Table G-4.—Averaging of Prediction Equations with Similar Solutions (Concluded)

USING (iT
1

) % Deviation Average
11

7 EQUATION (111) Avg. from Avg. Deviat ion

2.308 G-33 .5507 1.8

-34 .5378 ,54O8 0.5 0.87
-35 .5352 1.0

a ~36 .5395 0.2
- 

-37 .4779 — 

__________ — 
.10

-38 .4790 .4773 .40 0.35

-39 .4783 .20
-40 .4741 __________ — 

.70 
________—

- 

-41 
- 

.4333 ,5

-42 .4323 .4311 .3 0.4

-43 .4300 .3

-44 .4289 
__________— 

.5

3.448 -45 .1329 2.8

-46 .1283 .1293 .8 1.4

-47 .1273 1.6

— 

-48 .1289 
_____— 

.3

-49 .1231 .2

-50 .1236 .5

~51 .1233 .1229 .3 .48

-52 .1217 
___________— 

.9

-53 .1234 .8

-54 .1230 .5

-55 .1219 .1224 .4 .62

-56 .1215 .8
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Table G-5.—Reduced List of Prediction Equations

~ uRcAcE 
W

7 
AVERAGE OF FOUR PRED I CT IOII EQUATIONS

A 25 (W1) 1. 1619 (112 ) 7046 (w).1200 (,y.)’.07’4(n’).3089 (w ) ’117 ( W )  
,2609

C • 1.3039 (Iv Y’
7046 (n’)’’2O° (n’ ) ’0742 (Iv) ’3089 (n’)~

’665 (n’y~
24l0

E 

— — 

(IT
1) 1.4157 (n’)’7046 (n’).1200 (w )’ .’518 (n’) ’3089 (n’).1855 (Im_ y’ .O494

— A 50 (IT’
s

) = .9470 (1T )~
7887 

(I T) ’ 2 5 0’  ( 17 ’y ’3347 f w ) ’ 6 4 5 °  (1r
6
)’2002 (n’y.26O9

C (~
‘l) 1.1566 (112).7887 (1T3).25O1 (fl’4)-.l864(mr5).645O (‘~6Y’

1602 
(1r7) ’.24 1O

E 

— 

(ir1) 1.0724 (‘Q’ )~
7887 (lr)’2501 (W ) ..l773(Ilr).645O ( ‘fl’ )~

1482 (Y ) ” ’°4 94

A 75 (IT1) .6731 (I~~) •7265 (1r 1
. 2234 (~~y’4l13 (~~) 1’3555 (1r)’22O4 (?r) .26O9

C (1r
1) = .5840 (W ) ’ 7 2 6 5  (T) ’2234 (~~ y~~

3820 (~~ ) 1’3555 (n~) 1257 (fr )
” .2410

E (Iv )  4494 (~~ ).7265 (w)’2234 (n’)” .4OO4 (fl)l.3SSS(fl..)~
l254 

(~~ )
_ .0494

A 100 (1t~) = . 1789 ( I T) ’3 3 6 1  (~~).1192 (~~)
“.S376(n’ )3~

OO7l(~~)~
l942 (fl.~)~~

2609

C (In ) .1657 (n’ ) ’336’  (f ~~ )~~
1192 

~lr) 
.4645(W)3.0071(w”).0992 (-fl-.y.2410

E (IT
i

) = .1302 (n’) ’3361 (IP )’”92 (T)”.4254ç7r.)3.O071(fl.).i1l0 (7r)~~
0494
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APPENDIX H -

DESCRIPTION OF TIRE TEST FACI LITIES

NASA LANGLEY TEST TRACK

FACILITY

The Langley landing loads track is shown schematically in Fig. H-I. The main test carriage of
this facility is 60 feet long and runs on steel rails located 30 feet apart on each side of the
2 ,200 foot runway. The carriage is accelerated to test speed by a hydraulic water-jet catapult
system which expels a 7-inch diameter jet of water under the influence of air at pressure s up to
3,200 pounds per square inch. Fig. H-2 shows the catapult system in operation. A bucket on
the back of the carriage deflects the jet of water down and through approximately 180° to
deve lop a thrust of approximately 350,000 pounds. The catapult accelerates the 100,000
pound carriage to a top speed of over 100 knots in about three seconds, in a distance of 300
to 400 feet.

At’ter being catapu lted to the desired speed , the test carriage coasts for about I ,200 feet during
w hich time the drop frame and test fixture are released and braking cycles are initiated on five
test surfaces. At the end of the test run, the carriage engages five arresting gear cables, which
are attac hed to a system of 20 hydraulic arresting engines. These bring the carriage to a stop
in the remaining 600 feet of track between the cable engegement point and the storage shed
at the end of the track.

APPARATUS

Test Fixture

$ The test tire is mounted in the special test fixture shown schematically in Fig. H-3. This fixture
contains the tire, wheel, and brake assembly mounted on a special axle. The axle is mounted in
a live component system of strain gage dynamometer beams. Drag, vert ical and side loads are
eac h measured individually at the axle. Vertical load is obtained by measuring load from the
two vert ical load beams, and the sum of the two drag-beam measurements gives the drag load.
The side load beam needs to be monitored only if runs are made at some yaw angle. Axle
loads are corrected for inertia forces by vertical and drag accelerometer readings to give instan-
taneous tire-ground reaction values throughout the entire brake cycle. Brake torque can be
measured by a system of strain gage links mounted about the axle.

Because of the limited space available in the test fixture, part of the instrumentation is mounted
on an auxiliary axle , driven at ax le speed by a toothed timing belt. Values of wheel angular
velocity, acce leration, and displacement are measured here. Wheel vertical displacement and
brake pressure are also recorded during each tes t run. These data are recorded by an I 8-chan-
nel oscillograph recorder located on the carriage.

TEST RUNWAY

In order to determine the braking effectiveness of a given tire over a wide spectrum of runway
surfaces ranging from very smooth to very rough, a special test runway has been constructed on

145

___________________________________ — -— - - ‘ ~~~~~~~~~~~~~~~~~~~ - ____________________________



- —‘-- _ - -4_----— - -4--- - - 4 - -

-
~~~~ i

I . —,’~~~~~~ I

\ ~~~~~~~~~

—

— —.~~~‘--.
~~~~~~~~~~~~~~~~~~~ \ -

~~4 0
\ C., -J

‘
1 I—

‘S (J) -

~~~

~~~~~~~~~~~~~~~~~~~ 

-“
-
‘ .

~~~~~~~~ Iz -

~ L~J - S.. -
~~If)  . .~~~~~ \

LmJ ‘
~~~~~~~ 

‘-, 
\ I,

I—

Ii- 

- “ 

~~~~~~~~~~~~~~~

146

• -4— --’-- — - - - - - - - - 4—  — -— ‘ ~fl-’ r- ~~~— -



_ _  ------4-
- - - 4 -

~~~~ • ‘, _“~- - A
1’ -

w
1 ’

0

I-

_ _

~

&

. 
-4 0)

• - w
_ _ _  I-

a I’-

_ _  

l

it 

I

147

- —.--r----——— - - - - —- - ‘  - - .- -



- -~~ —- —- —--—-4-- -- —

Wheel angular Wheel angular velocity
acceleration and and angular displacement
antiskid device 

- 

— 

-

beam

/ \ ~
_)_

/__ Wheel

Drag-load >- I
beam 

/
Vertical and drag I /

accelerometers 
,
i ,/

A ,

—
Brake torque links
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top of the existing concrete surface. Tue test runway, which is shown schematically in Fig.
H-4 , is divided into five braking surfaces : smooth concrete , textured concrete , small aggre-
gate asphalt , large aggregate asphalt , and ice. Whee l drop and spin-up occurs on the lOO-loot
ramp, and the tire is braked l’rom a lree roll to a locked whee l, and then allowed to return
to the free roll condition on each of the live test surfaces as the carriage proceeds down the
track , Pre-loaded side wheels on the carriage prevent any lateral movement of the test f ixture
so the test tire follows the same path down the center of the runway.

The next two braking surfaces are asphalt; the first of which is termed small aggregate asphalt.
This surl’ace has an aggregate or stone size within accepted practices tor runways today, The
second asphalt sur face is termed large aggregate asphalt and has an aggregate or stone size out-

side accepted runway pract ices. Stone size does not exceed 1/2 inch in any dimension.

It is difficult to give a meaningful word description of ’ runway surfaces , and photographs show
little of t he actual runway surface texture.

The fifth braking surface is 200 feet of ice runway. This surface is maintained by a refriger-
ation system located at the side of the track , which pumps brine into pipes located two inches
below the ice surface. The brine inlet temperature varies from 1 2 to I 6 degrees Fahrenheit
wit h a two-degree drop through the ice section. The ice surface te m perature , which measured
before and after each test run with a thermocouple probe, varies from 31 to 34 degrees. Doors
covering the entire 200 feet of ’ ice surface are opened just before eac h test run to minimize the

4 
amount of surface change. About every two weeks , the ice surface is allowed to me lt corn-
plete ly and then refrozen to maintain a smooth , clean surface.

BRAKING SYSTEM

Braking cycles are initiated on each of the five surfaces by cams placed at desired locations
along the test track. A timer controls the length of’ time the brake pressure is applied , with a
backup timer in the circuit to limit skid lengths in case the primary system l’ails. The brake
timer setting is changed for each test speed to obtain approximately constant locked-wheel
skid lengths e.g. 5 to 10 feet.

NAVAL AIR TEST FACILITY, LAKEHURST, N. J.

FACILITY

• The FAA’s National Aviation Facilities Experimental Center (NAFEC) Atlantic City, N. J..
was assigned a program requiring creation of a full scale dynamic test l’acility capable of
testing modern jet transport aircraft tires on various runway surfaces. A study revealed that
the test tracks at the Naval Air Test Facility at Lakehurst Naval Air Station, only 60 miles

a 
from NAFL (’. had the ideal capabilities for such a program. An Inter-Agency Agreement was
prepared between the FAA and Lakehurst Naval Air Station providing almost exclusive ust of
their track No. I for this program.

TIme program required speeds up to ISO knots and tire loads up to 40,000 pounds. A 4,000-
pound-test dynamometer was designed, built , and installed.
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The test dyamometer is essentially a fixture containing a 3-axis-load cell and brake system.
Two strain links measure the drag loads, two strain links measure vertical loads, and one strain
link measures side loads. Brake torque is measured by a system of parallel strain links. Test

I wheel speeds (spin-up and spin down) as well as test vehicle (dead load) speeds are measured
by means of’ magnetic pick-ups. An 18-channel telemetric system is mounted on the dead
load to transmit the following data:

Drag load
Vertical load
Brake torque
Brake pressure
Dead load acceleration
Dynamometer vertical acceleration
Test wheel speed
Dead load speed
Load cylinder pressure
Sink rate speed and inclination of test dynamometer

The test dynaniometer has been designed to simulate aircraft sink rates. The present system
utilizes 1- 1/2 inch hydraulic cylinders to produce sink rates up to S feet per second. The tire
loading system utilizes 4-inch cylinders capable of producing test loads of 40,000 pounds at
I ,800 psi hydraulic pressure as well as corresponding lighter test loads.

The test track No. I at Lakehurst Naval Air Station is over I mile long (See Figure H-S.) A
four engine jet car is used to accelerate the dead load containing the test dynamometer to the
programmed test speed within ± 1/2 knot of that specified. This jet car weighs 22 ,000 pounds
and is powered by four J-48 jet engines which produce a total thrust of approximately 26,000
pounds. Three hundred feet from the end of the track the jet car is braked to a stop and the
60,000 pound dead load continues over the runway test section. This runway test section is
200 feet long and consists of an excavation wherein 20, 10-foot x 30-inch runway test slabs
are installed. These test slabs are diked for wet runway and hydroplaning tests. Knife switches
are placed along the track to activate the various test operations such as cameras , touch down,
load and brake application, etc. It is estimated that as many as 10 to 15 tests can be made a
day for data gathering purposes. At the terminal end of the test track , at Station No. 5860,
the primary arresting gear is installed to halt the free rolling dead load. This is a MARK-2 l
arresting gear utilized for SATS (Marine Corps-Short Airfield for Tactical Support ) installa-
t ions. This arresting gear has a capacity of absorbing 60 million foot-pounds of kinetic energy

• and will have a run-out of 640 feet. At Station No. 6130 a MARK 5 MOREST backup arrest-
ing gear is installed. Tius gear has a 25 to 26 million foot-pound capacity and a 200-foot run-
out. Time primary arresting gear picks up the tail hook of the dead load while the back-up gear
engages the front of the dead load. Along side the test track , a 200-foot long test slab manu-
factur ing bed was created to facilitate test slab fabrication, surfacing, grooving and friction
testing. The test slabs are stored in the adjacent field ready for test installation.

The gathered test data is telemetered to the Data Gathering Center adjacent to the test track
where it is recorded on tape. A quick read-out arrangement is provided so that the important
paralné

~

ers can be studied foi~ompleteness and to provide i~ formation for the next “Sh~~i~~
TIme data is then taken to time Data Processing Center at Lakehurst where it is processed by the
computer into time desired format.
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DATA ACQUISITION 
-

The primary instrumentation feature at NATF is the series of data acquisition sites located
adjacent to each major test site. At each of these sites is the capability of recording by ground
wire and telemetry over 60 different parameters , onto magnetic tape , for quick-look readout
and f’or subsequent data analysis. At some sites , this capability exceeds IOU channels, and
data is converted immediately into digital format for real-time monitoring of test events. TIme

- te lemetty utilizes I b-channel RF systems that relay data from switch positions , strain gages,
~- and attitude sensors installed on deadloads and barricade test frames as the need dictates.

Time NATF has the ca pability to maintain and calibrate all the electronic test equipment used,
I and to maintain its accuracy to within I tenth of 1 percent , thus insuring correct information

- from the test data systems.
4-

f Pressure , vacuum, accelerat ion, tension, and compression transducers are also calibrated in-

I 
house. Hydraulic pressures of a fraction of a pound per square inch up to 100,000 pounds
per square inch are avai lable to calibrate pressure gauges and electronic transducers. All in all,
more than I ,000 pieces of test equipment are calibrated and maintained in the electronics and
physical standards section. - - - -

I
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Table H- 1.— Test’ Track Characteristics (NA TF)

Cleared Area Length ( Feet) 7,500

Reinforced Concrete Strip

Length (Feet) 6,200

Track Wi dth (Feet) 28

Slab Thickness (Inches) 12

Design Strength of Wheel Load (Pounds) 54,000

Guide Rails

Length (Feet) - .. ‘ : -  5,851

Cross Section (Inches WF 49) 10

Spacings Centerl ines (Inches) 52—1/2

Brake Rails (Movable) Length (Feet) 795

Runout Area

Length (Feet) 900

Width (Feet) 
- - 

100

Surface
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APPENDIX 1
DESCRIPTION OF GROUN D VEHICLES

1. U. S. DBV

Time diagonally braked vehicle (DBV) is an automotive type vehicle equipped with a high-per-
formance engine for fast acceleration , power steering, power brakes, and a fifth wheel to pro-

-vide speed and stopping distance information. The braking system is modified to permit one
pair of diagonally opposite wheels to be braked while the other diagonal pair remain unbraked,

• Figure I-I. The braking system has an electrically-operated solenoid shut-off valve installed in
the brake system of each w heel. The proper valves are actuated by the test personnel to change
from the normal four-wheel braking mode for highway use to the diagonal braking mode for
conducting tests. This diagonal braking technique enables the DBV to perform locked-wheel
skids at high speed on slippery surfaces and maintain directional control while being braked to
a complete stop. The braked wheels of the test vehicle are equipped with ASTM tires , Specif-
ication E-249 , size 7.50 x 14, smooth tread configuration, inflated to 24 psi pressure. The
unbraked wheels are equipped with production tires having good tread design to insure direc-
tional control, and are inflated to 32 psi. The vehicle weighs approximately 5 ,200 pounds in
the test configuration wit im a driver and 1/2 fuel load. The use of bald or smooth tread tires
on the braking wheels of the DBV eliminates effects caused by tread wear and tread design.
Power steering and power brakes assist in maintaining better directional control and in provid-
ing necessary brake pressure to lock the two diagonal test wheels.

Stopping distance of the test vehicle is measured by electronic digital readout meters which
are actuate d by the brake application switch. The meters record the stopping distance in feet
from brake application fri vehicle stop. Digital displays of fifth wheel speed in one mile per
hour increments provide the DBV operator with an accurate indication of vehicle speed. An
electronic hold circuit in the speed meter system locks the speed on the meter upon brake
application. The speed is recorded after the vehicle comes to a complete stop. The speed and
distance meters are located on the instrument panel. Figure 1-2 shows the fifth wheel attached
to the test vehicle.

During a test run, the vehicle is accelerated to a speed of 60 mph whereupon the driver shift s
the transmission to the neutral position. The diagonal braked wheels are locked at the desired
test section where time vehicle is braked to a stop. lii evaluating pavement surface friction, DBV
tests are conducted for both dry and wet surface conditions and a wet/dry stopping distance

• rat io is computed which reflects the pavement ’s slipperiness for the wet surface condition
tested.

The pavement wetting is achieved by using a water truck with spray bar to ensure a water depth
of 0.01 inch or greater as measured by the NASA water depth gauge, Figure 1-3 , or equivalent.

Figure 1-4 provides time method for use in determining the average wet/dry stopping distance
ratio for the complete runway, or any portion thereof.
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Free roll Locked

Locked Free roll

Va lve closed: Brakes cannot be actuated

(I) Valve open: Brakes can be actuated

Figure 1-1.—Diagram of Diagonal Braking System
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2. U. S. - ASTM SKID TESTER (STANDARD-METHOD )

Implementation of the Highway Safety Act of 1966 has resulted in considerable activity in all
of t he states to institute highway skid resistance inventory and control programs. Various full-
sca le and portable skid testers have been employed, operating in a varicty of skidding or slip-
ping modes. The test method used primarily in this country is the American Society for
Testing and Materials (ASTM ) test for Skid Resistance of Paved Surfaces Using a Full-scale
Tire (E 274-70) . which describes the apparatus and procedures for measuring skid resistance
in locked wheel mode.

TIme method utilizes a measurement representing the steady state friction force on a locked
tcst wheel as it is dragged over a wetted pavement surface under constant load and at a constant

- speed while its major plane is parallel to its direction of motion and perpendicular to the
pavement.

The tes t apparatus consists of an automotive vehicle with one or more test wheels incorporated
into it or forming part of’ a suitable trailer towed by a vehicle. The apparatus contains a trans-

-~ ducer. instrumentation , a water supply and proper dispensing system , and actuation controls
for the brake of the test wheel. The test wheel is to be equipped with the pavement test stan-
dard tire (7 .50 x 14) as specified in ASTM Specification E 249, for Standard Tire for Pavement
Tests.

The test apparatus is brought to the desired test speed. Water is delivered ahead of time test tire
and the braking system is actuated to lock the test tire. The resulting friction force acting
between the test t ire and the pavement surface (or some other quantity that is directly related
to this force) and t he speed of the test vehicle are recorded with the aid of suitable instrumen-
tat ion.

TIme skid resistance of the paved surface is determined from the resulting force or torque record
and reported as skid number, SN, whic is determined from the force required to slide the locked
test tire at a stated speed , divided by the effective wheel load and multiplied by 100.

ASTM Suggested Marking on Tire

7 .50-14
4 Ply
Pavement Test Standard
1085 Lb. Load
24 psi Inflation
ASTM l)esignation: E249
Skid Test Tire - Not for General Highway Use
Rim - 14 x SJ
Manulacturer’s Name or Trademark

Figure 1-5 shows typical chart recordings from ASTM type trailers.

J 60
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(K) Chart recording showing double wheal “lock-up”

I

Typical chart recording of test data, single wheel “lock-up.”

Figure 1-5.— Typical Output ~ ASTM Type Trailer
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3. FRENCH -- STRADOGRAPHE (SEE FIGURE 1-6 )

All time measuring devices are located in one vehicle (Citroen station wagon). They consist of
two wheels on either side of the longitudinal axis of the vehicle. These wheels can be braked
or towed in at an angle varying from 0 to IS ° in relation to the vehicle’s direction of’ move-
ment or may even be completely locked.

The problems of suspension amid loading of the measuring wheels are resolved by a regulated
oleopneumatic suspension system reacting against the chassis of the vehicle to which the wheels
are fixed. The vertical load applied to each measuring wheel can be set at 220-880 lbs (100-
400 kg.~.

The Stradographe is equipped with an electronic chain, which records nine parameters simul-
taneously :

I Riglmt transverse effor t
2 - Left transverse effort
3 Right longitudinal effort
4 - Left longitudinal effort
5 - Speed of rotation of right wheel
6 - Speed of rotation of left wheel
7 -- Speed of vehicle

J _

~~ 

8 — Right vertical load
- 

-~ 9 Left vertical -load
The equipment includes a sprinkler.

All the operations can be programmed in advance and are conducted automatically from a con-
trol panel in front of the operator.

WNGITUDINAL FRICTION cOEFFICIENT (LFC)

Ratio of reaction effort FL to the actual load.

This coefficient can be determined with the wheels completely locked or with a given skid rate
(Oto l5~;).

COEFFiCIENT OF TRANSVERSE FRICTION (TEC)

Whe n the vehicle has reached a constant given speed, t he wheels are inclined at a certain angle
in re lation to the longitudinal axis of the Stradographe when the recording is activated .

The TFC is the ratio between the normal effort FT at the measuring wheel and time weight
P o’ the wheel.

COEFFICIENT OF OBLIQUE FRICTION

The wheels are inclined as above and braked.

~~ - _ _ _ _ _ _ _ _ _
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__________________________

(j) Enregisteur
, / (j) 

Suspension 0. S. Citroen

___________________________ 
(1) ve’rin de remonLe’e cia Ia roue de mesure

‘

“€) ro~~
j

’
r~~~~ 

® 
tableau de commande

(i)re’servoir d’eau ~ 25O1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(1)  Automatic data recording apparatus
(2) Citroen car suspension
(3) Screw jack for upward motion of the measuring wheel
(4) Command console (control panel)
(5) Sprinkler
(6) Measuring wheel
(7) Water reservoir (250 litres)
(8) Hydraulic piston for aligning the measuring wheel

Figure l-6.--Stredographe
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The coefficient of oblique friction is time ratio between the pull of the wheel and the load on
t he wheel.

TIRES

The tires used for this purpose are generally smooth radial tires, size 6,10 x 15.75 (1 55 x 400).

An automat ic sprinkler system can spray water under regulated pressure from 0 to 30 psi. A
water rese rvior can carry up to 65 gallons (250 litres) on board. Operational speeds of up to
I 70 km/hr (92 kn) can be achieved.

The C.E.B.T.P. has carried out tests with the stradograph joint ly with the Air-Base Technical
Departments (S.T.B.A.) on the following aerodromes :

j  In France : ROISSY - BEAUVAIS - LILLE - BREST - RENNES - LANDIVISIAU -
NANTES - CHATEAUROUX - MARSEJLLE - MAR1GNANE - TOULOUSE -
BLAGNAC - COURCHEVEL - LYON-BRON - BRETIGNY.

In Great-Britain : FARNBOROUGH.

Jointly with PARIS AIRPORT : ORLY Aerodrome.

Wit hin the framework of L C.A.O., correlation measurements carried out both in Great-Britain
4 

and in France, with the help of commercial aircraft and skid resistance measuring equipments
have pointed out , according to the conclusion of S.T.B.A. that the stradographe was one of
the most accurate and operational testing vehicles.

An earlier version of the stradograplie uses only one test wheel instead of the two and disc
brakes are used. The braking force is transmitted back by a horizontal ball bearing slide bar.
The vehicle maximum operational speed is somewhat lower.

- 

- - 4. FRENCH LPC—TRAILER

DESCRIPTION

• The equipment consists of a single wheel trailer and a traction vehicle ,

The trailer has the following components:

• an automobile wheel equipped with a tire 6.5 x 15(165 x 380) linked to a traction
vehicle by an articulated frame on a universal joint and placed under load by two
oleopneumatic devices bearing an upper weighted frame.

• a servo-brake enabling the wheel to be immobilized by time action of two brake shoes
and controlling a brake l’or t he universal joipt , designed to ensure that the trailer does
not yaw,

• a draw bar with a potentiometric dynaniometer (0 - 750 daN) measuring the torque
transmitted by the countershaft fixed to the axle.

a
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• a magnetic sensor group to indicate the wlmeel rotation speed.

An autonomous sprinkler is situated at t im e rear of time traction vehicle, and the control panel
and time recorder is in front.

MEASUREMENTS

The LPC-trailer enables tim e longitudinal t’rict ion coel’ficient (LFC) of pavements to be mneas-
ured, with tIme wheels locked at speeds between 22 and 75 kit (40 and 140 km/h).

At each test, the measuring chain enables three parameters to be recorded :

• the dynamomnetric signal giving tim e LFC,
4

• time impulses of the magnetic sensor showing the wh eel speed and thus enabling the
locking of’ the wimeel to be checked;

• time wheel locking impulses.

All the measuring operations can be performed automatically.

TIRES

In most cases smooth tires are used.

5. BRITISH — MILES TRAILER

CONFIGURATION

TIme Miles Trailer was developed by the Ministry of Transport , Road Research Laboratory, of
Great Britain to measure the coefficient of friction of a wetted hard surface for use in com-
plying with Civu Aviation Author ity (CAA) (formerly British Air Registration Board) regul-
ations, Time trailer was commercially manufactured by F. G. Miles Engineering, Ltd., Emigiand.
Time test equipment (Fig. 1-7) consists of a small, light , single-wheel trailer, towed at the
required speeds by a higlm performance sedan automobile. TIme single wheel of the trailer
( Fig. 1-8 ) is mounted on a pendulum pivot and is restrained from aft relative motion by an
instrui-~me nted load cell, Time output of time load cell is proportional to the tire-ground Imori-
iontal forces idrag load). TIme braking force coefficient (

~ B~ 
is obtained by dividing the drag

load by t im e normal load on the tire (313 pounds under static con d itions). TIme wheel of time
trailer is instrumented to provide velocity information. TIme test tire , size 16 x 4, is manu-
lactured by Firestone of i ngland and conl’or!ned to time specifications outlineu by tue Roau
Research Laboratory, Fig. 1-9 sh ows construction details ,

l\SI ku~ ILNTATlON

I i~. m iuk r mimsirumentation consists ol’ signal conuitioning equipment to convert time load cell
I put I I - i .mk i mg coefficient value and a lreq uency converter to convert trailer wlmeel

pulse s to ground ~peed - Fig. I-hO shows a portion of time signal conditioning

1b5
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Towing vehicle Shock absorber

j Front frame Rubber cord springs

/ 
Parallel link frames

~ f 
~~

- 

~~~~~~~~frame Suspenlon arrn

I
Load frame Load 16 x 4.00 test wheel

Figure 1-9.—Miles Trailer Constructional Details
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p1 equipment and the Consolidated Electrodynamics Corporation recording oscihlograpti used to
obtain a permanent record of each test condition. A typ ical condition record is presented in
Figure 1-1 I -

6. BRITISH — MU-METER

Time British Ministry of Technology h as developed the friction meter shown in figure 1-12 and
1-13 , generally called the Mu-Meter. It consists of three wimeels, two of which are mounted at
the ends of independently moveable arms, pivoted at time towing point and adjusted to a tow-
out angle of 7½°. When towed , the resulting side ioaus imposed on the arms are sensed by a
pressure capsule mounted between them and time pressure variations transmitted to a pen re-
corder , t ime side load being a measure of time surface friction. Time third wlmeel drives the 

-recorder chart. The recording apparatus includes an integrator which enables the average fric-
tion value to be calculated over any distance . An event pen operated by t ime driver can be
used to mark the record at any selected point.

Time total weight of the equipment is about 530 lb. of which about 250 lb. is removeable
ballast. The tires are 16 inches in diameter and 4 inches wide operating at a pressure of 10 psi
and are closely controlled in manufacture to maintain consistency of results. The length,
width, and height are 60, 32 , and 34 inches, respectively, and the chart is arranged to move at
450 feet per inch and eacim chart roll has a total capacity of approximately 40 miles.

So that the equipment can be operated by a single person who may nave to remain in the towing
velmicle wlmilst on an active runway, a remo te recorder Imas been developed whicim is actuated by
t he friction recording mechanism in tIme friction meter itself. In fact, a set of tlmree remote
recorders can be used so that each may be switched on to record and Imold time average friction
values for each t lm ird of a runway; no time is then spent on the actual runway in writing down
numbers.

To enable a towing speed to be used whicim is both within time capability of a normal road
vehicle and which will still discern tIme presence of aquaplaning, a tire pressure of 10 psi was
chosen. W hen towed a t 40 mph, this pressure gives a speed equivalent to 1 .2 times time theo-
retical aquaplaning speed. To make sure that tread wear would have no effect on the results,
a smooth tire is used, Time third (rear) wheel uses a patterned tire with an inflation pressure
of 30 psi. A sample output is shown in figure 1-14.

MECHANI( AL LOAD ANALYSIS OF EQUiPMENT

When a horizoimtai force is applied to the towing point of the Mu-Meter causing it to move in
a f’orward direction over a surface to be sampled time toed-out wheels tend to move apart. This
tendency is resisted by the load sensing capsule positioned between time arms of time “V” frame.

- 
- 

The load sensing capsule feeds time load data to the recorder by hydraulic pressure in a flexible
pipe.

TIme lorce to he resisted by tIme capsule originates at time main wlmeel tire wnere it contacts the
surfac e , and is the load on that point multiplied by the side force coefficient. Time component
of tlmis torce is I’ed back in time form of a couple via time pivoted leg of time “V” frame.
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This force is modified by the combined effect of the drag on the wheel, and time pull force
being at a height above the ground, forming a couple tending to relieve time actual weight on

- 

- 
- 

time wheels.

Again, the goemetry relative to the Center of Gravity is arranged to render the force on the
capsule substantially constant for any given side force coefficient irrespective of towing point
height within the range 1 7 in. to 22 in.

The third wheel does not influence the loads applied to the Ibad sensing unit as it is connected
to the baliasted frame by a very low rate spring; thus the modification to the effective ballast
weight is substantially constant.

The net result of complete load analysis is that the device reads consistently and accurately
va lues of surface friction between its rubber tires and the surfaces being sampled.

The Mu-Meter is qualitatively used in the United Kingdom as follows (Ref. 68):

MU-METER TABLE OF BRAKING ACTION

Estimated braking Measured or calculated
Code action’ coefficient of friction

- 5 Good 0.40 and above

3 Medium 0.35 . 0.30

1 Poor 0.25 and below

‘Good- Indicates that aircraft can expect to land comfortably within the scheduled “wet” distance
without undue directional control problems.

- Medium- Aircraft are likely to use all the “wet ” scheduled distance including the safety factor part of
the distance, and may run even further. Directional control might be impaired.

Poor- Aircraft can expect to run for at least the full “very wet” or aquaplaning distance where
this too is scheduled. Directional control will also be poor.

7. SWEDiSH — SKIDDOMETER BV-1 I

This is a small friction test trailer , primarily designed for continuous measuring of time braking
action on runway surfaces.

Time trailer frame is carried by three wimeels , size 4.00-8 mounted side by side but individually
suspended by means 01’ swing arms and loaded by I kN (Kilo Newton) each. Total weight of
time trailer is about 340 kgs. See figures 1-15 and 1-16.

The three wheels are connected by means of roller chains in the swing arms and the gearing is
chmosen so that time wheel in the middle - the test wheel - is forced to a brake slip of 17 percent
when the trailer is towed forwards. It is assumed that within a reasonable degree of accuracy,

_ _ _ _ _ _ _ _  - - 
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a tire of common design, braked to a slip of about 15 percent on a surface , makes use of time
maximum friction force possible for the tire on time surface in question. The outer tires are
inflated to 25 psi and time measuring wheel pressure is 17 psi.

The brake slip on time test wheel is thus governed by time two outer wheels, which thereby
i~htain a relatively small drive spin. Tlmis method - that is to feed back time brake force from
the test wheel to the outer wheels - means that the force necessary to tow the trailer when
making tests is oimly about 1 5 percent of the friction force. The operating speed of time
Skiddometer is a constant 40 mph.

Time test whee l center is designed as a measuring hub by means of which the friction torque
on the wheel is transformed to an electrical signal in an inductive transducer. The signal is -
wit hout slip rings - fed through a cable to a paper strip recorder (12 V), which may be placed
on time desired spot in time towing vehicle. The friction number can be directly read on the
record and tIme damping properties of time recorder are chosen to faci litate calculation of mean
values. Paper feed is proportional to distance traveled by means of a tacho-generator on one
of time outer swing arms governing the paper feed mechanism of time recorder. Recording range
of the friction coefficient is from 0 to 1 .0. A value as low as 0.05 can be clearly read (deflec-
tion of 5mm). The accuracy of th e measuring system is within ± I .5~4 . A sample output is
simown in Figure 1-17 .

8. JAMES BRAKE DECELEROMETER (JBD)

This ms a small , light (3 lb.) device used for the reporting of runway surface conditions. it con-
sists of an air damped pendulum coupled to a pointer which indicates deceleration in feet per
second per second. The pointer remains in position until released by the manual reset button.
TIme instrument is graduated in increments from 0 to 32 feet per second per second , time top
number being equivalent to the theoretica l maximum deceleration capability of the carrier
vehic le on a dry surface. These numbers are referred to as the James Brake index (JBI). See
Figure 1-18.

TIme J.B.D. can he used in any mechanically sound car or ligh t truck fitted with non-studded
tires. The J.B.I). is placed on the floor of the vehicle and leveled. It hasa low center of
gravity and ordinarily will remain iim position when the brakes are applied. The vehicle is
driven at a speed of 30 ± 5 m.p.h. and time brakes applied firmly until all four wheels are locked.
Time reading is taken and the meter reset.

Measurements are made at I ,000 foot intervals at a distance of 30 feet on each side of time run-
way center lme over time entire runway length . The runway is divided into three sections and
t i m e J .I3.l. recorded for each section is averaged to time nearest whole number. Readings are
taken at a frequency appropriate to site conditions. -

Time J.B.D. has seen extensiv e use by time LJSAF for a number of years. USAF Tecimnic:~ Order
33-1-23 , dated I)ecember 1 5 , 1965 sets forth the requirements for use of the J.B.D. in the
Runway Condition Reading ( RCR) system of identifying runway surface characteristics to the
pilot. An extensive eva luation of ’ t ime J.B.I). was conducted by the FAA in 1 968 in two parts:
( I tests of ti me i .8.1). and a CV-880 commercial jet transport ; and (2 1 development of calibrated
jet transport landing distance ratios as a function of JJ3 .D. indices. Results of th is program
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showed that the J.B.D. would not produce accurate data for wet runways. Since the FAA
evaluation it has been shown by the Canadian Department of Transport and Alaska Airlines
that the J.B.D. can be used on hard-packed snow or dry ice covered runways. Reference (68)

V spells out the manner in which the J.B.D. can be used in Canada, and limits its use to ice and
snow-covered runway surfaces. Qualitative use of the data, as recommended in reference (69)
are :

Estimated braking James brake index
action (JBI)

I • Excellent 25- 32
Good 22 .24
Fair 18.21
Poor 10 - 17

• Nil to very poor 0 - 9

Alaska Airlines has used the J.B.D. to establish Runway Condition Reading (RCR) values as
a fwiction of stopping distance b r  tile Boeing 727 on ice or hard-packed snow-covered run-
ways. These data were established by flight test and correlation with J.B.D. data obtained at
the same time.

J.B.l. readings are converted to coefficient of friction Mu, by:

J BIMu~~~~ —2

It is readily apparent that choice of vehicle, proper suspension system, careful choice of
location for installation of the .J.B.D. and manner of sampling the runway all influence the
data obtained. Some error is introduced into the reading of the J.B.D. due to pitch down of
the front of the vehicle as brakes are applied. The driver’s skill is another important contri-

• butor since the operation technique is the key to success in use of the J.B.D.

9. BRIT ISH — TAPLEY -METER

This is a pendulum type decelerometer. It was originally designed to measure the efficiency
of motor vehicle brakes and consists - as indicated above - of a freely-suspended pendulum in
a housing. By a special mechanism the movements of the pendulum produce proportional
movements on a movable scale. There is also a scale holding mechanism arranged so that the
reading of the scale stays set after a test has been carried out.

When carried on a vehicle moving at any uniform speed or stationary, the pendulum takes
up a vertical position. If the vehicle’s speed is then reduced, as by the application of the
brakes, the pendulum will swing forward to an angle away from vertical and it may be proved
that the tangent of this angle is a measure of the force exerted to decelerate the vehicle.

The pendulum is immersed in a liquid which damps out irregular movements anu overswing
and the damping properties are chosen so that full indication is not registered until the brak-
ing has been effective for 0.8-I .0 seconds.
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¶ ~ When used for determining braking action on runway surfaces the instrument must be carried
in a vehicle with small tendency of the body to tilt down forward when braking as this ten-
dency otherwise would cause a high decelerometer reading. The tests on runway surfaces are
generally carried out as stop tests from 25 mph. The brakes are fully applied for about I sec-
ond and then released.

Qualitative use of the data , as used in reference 68 are:

Estimated braking Measured or calculated
Code action coefficient of friction

5 Good 0.4 and above

4 Medium/good 0.39 . 0.36

3 Medium 0.35 - 0.30

2 Medium/poor 0.29 - 0.26

1 Poor 0.25 and below

Good- Indicates that aircraft can expect to land comfortably within the scheduled ‘~wet ”
distance without undue directional control ~xobI.ms.

MediumS Aircraft are likely to use all the ‘wet” scheduled distance including the safety factor• 4 part of the distance. and may run even further. D.rectional control might be impaired.

Poor- Aircraft can expect to run for at least the full “very wet” or aquaplaning distance
where this too is scheduled. Directional control will also be poor.

S i

a

C

~~~ I 

183



L ~~~ 
~~~~ .__..,

REFERENCES

I. Wahi, M. K. et al: Combat Traction II, Phase II, Technical Report Number ASD-TR-74-
41, Volumes I and Ii, October 1974.

2. Segal, L.; Ludema, K. C. and Dugoff, H. J.: ASTM Mater. Res. SW. , J une 1968.

3. Kern, W . F.: Rubber Chem. Technoi, 40 (1967) 984.

4. DeVinney, W. E.: SAE Paper 670461, Chicago, May 1967.

5. Goetz, W. and Rice, G. M.: 1st Intern Skid Prevention Conf., Charlottesville, U.S.A.,
pt 2 ( 1958) p. 237 .

I

6. Moyer, R. A.: 1st intern Skid Prevention Conf. Charlottsville, U.S.A., pt. 2(1958) p.411.

7. Holmes, 1.; Lees, G. and Williams, A. R.: “A combined approach to the optimization of
Tire and Pavement interaction.” In proceedings of the American Chemist Society, Spring
meeting, Miami Beach, April 1971.

8. Clark, S. K., Editor: Mechanics of Pneumatic Tires, National Bureau of Standards
• Monograph 122 , 1971.

9. Rose, J. G., Hutchinson, J. W. and Gallaway, B. M.; “Summary and Analysis of the
Attributes of Methods of Surface Texture Measurement,” Skid Resistance of Highway
Pavements, ASTM STP 530, American Society for Testing and Materials, 1973, pp. 60-77.

10. Schulze, K. H. and Beckman, L., in Skid Resistance, ASTM SIP 326, American Society
for Testing and Materials, 1962, pp. 42-49.

II. Sabey, B. E., Journal, British Granite and Whinstone Federation, Vol. 5, No. 2, Autumn
I965 , pp. 1-12.

12. Hom e, W. B., and Joyner, U. T., “Traction of Pneumatic Tires on Wet Runways,” Report
SP-83, National Aeronautics and Space Administration, May 1965 , pp. 9-17 .

13. Gillespie, I. D., “Pavement Surface Characteristics and Their Correlation with Skid
Resistance,” Report No. 12, Pennsylvania Department of Highways - Pennsylvania State
University Joint Road Friction Program, 1965.

14. Moore, D. F., “Prediction of Skid Resistance Gradient and Drainage Characteristics for
Pavements,” Highway Research Record 131 , 1966, pp. 181-203.

15. Shilling, B., “R.A.E. Aircraft Tests on Grooved, Open Graded and Asphalt Runways in
Great Britain,” NASA SP-5073, National Aeronautics and Space Administration, 1968,
p. 67.

184

_ _ _ _  -



REFERENCES (Continue d )
16. Williams, i. R., “Aquaplaning - The British Ministry of Technology Programme,”

Special Publication 5073, National Aeronautics and Space Administration, Nov. 1968,
pp. 8 1-99.

17. Anon.: Frictional and Retarding Forces on Aircraft Tires, Part I: Introduction, ESDU
Item No. 71025; London, October 1971 with Amendment A, August 1972.

18. Ibid, Part 2, Estimation of Braking Force, ESDU item No. 71026.

19. Home, W. B.: Results from studies of highways grooving and texturing at NASA Wallops
Station. In pavement grooving and traction studies, the proceedings of a conference held
at Langley Research Center, Hampton, Virginia, U.S.A. Paper 26, NASA SP-5073,
November 1968.

20. Yager, T. .1.: Comparative Braking Performance of Various Aircraft on Grooved and
Ungrooved Pavements at the Landing Research Runway, NASA Wallops Station. Ibid,
Paper 3, November 1968.

21. Leland, I. i. W.; Yager, 1. 3.; and Joyner, U. T.: Effect of Pavement Texture on Wet-
Runway Braking Performance. NASA Tech. Note D.4323, January 1968.

22. Hom e, W. B.; Yager, T. 3.: and Taylor, G. R.: Review of Causes and Alleviation of Low
lire Traction on Wet Runways. NASA Tech. Note D-4406, April 1968.

23. Yager, I. 3. et at: A Comparison of Aircraft and Ground Vehicle Stopping Performance
on Dry, Wet, Flooded, Slush-Snow and Ice Covered Runways. Final Report on Project -
Combat Traction, a Joint USAF-NASA Program. NASA Tech. Note D-6098, November
1970.

24. Tests with a Heavy Load Skidding Test Vehicle Incorporating a Mark I Maxaret Anti-
Locking Brake System to Determine Braking Force Coefficients Between an Aircraft
Tire and Various Wet Surfaces. Trials at the Road Research Track at Crawthomne and
at Wisley Aerodrome, White Waltham Aerodrome and London (Heathrow) Airport.
Ministry of Aviation S & I Memor. 10/64, January 1965.

25. Lander, F.T.W.; and Williams, I.: The Skidding Resistance of Wet Runway Surfaces with
Reference to Surface Texture and Tire Conditions. Road Research Laboratory Lab. Rep.
184, 1968.

26. Yang, Nai C.: Design of Functional Pavements, McGraw Hill, 1972.

27. Murphy, Glenn C., Similitude in Engineering, The Ronald Press Co., New York, 1950

• 28. Ludema, K. C. and Gujrati, B. D.: An Analysis of the Literature on Time-Road Skid
Resistance. ASTM Special Technical Publication 541, 1973.

185

-



-- — •-—

REFERENCES (Continued )
29. Aircraft Tire Manual, B. F. Goodrich Aerospace and Defense Products, Fifth Edition,

1972.

30. Aircraft Tire Manual, Goodyear Tire and Rubber Company.

31. Hytrol Skid Control Systems Brochure, Hydro-Aire Division, Crane, 1975 .

32. Goodyear Brake Control Systems Booklet.

33. Jane’s All t he World’s Aircraft, 1973-74.

34. 1974 Tire and Rim Association, Inc. Book, Section 9.

35. Profiles of Scheduled Air Carrier Airport Operations, “lop 100 U.S. Airports” DOT
(FAA) Pub. August 1973.

36. Aeronautical Information Publication (AlP), DOT (FAA) Air Traffic Service Flight
Services Division, “Aerodromes, AGA #2,” Fifth Edition, April 1974.

37. Airman’s Information Manual, AIP-AGA #3, Airport Directory, Part 2, 1974-75.

38. DOD Flight Information Publication, IFR — Supplements: United States, Alaska,
Pacific and South Asia, Europe, North Africa and Middle East, 1975.

39. DOD Flight Information Publication (Terminal), Instrument Approach Proce.ures:
United States, Alaska, Pacific and South Asia, Europe, North Africa and Middle East,
1975.

40. Greech, D. E. and Donald, H. G.: Aircraft Ground Flotation Analysis Procedures —

Pa’ed Airfields. Technical Report ASD-TR-70-43, January 1971.

41. Allbert, B. 3.: Tires and Hydroplaning In: Proceedings of the Automotive Engineering
Congress, Detroit. S.A.E. paper 680140, January 1968.

42. Harned, J. L.: Johnson, L. E.: and Scharpf, G.: Measurement of Tire Brake Force
Characteristics as Related to Wheel Slip (Antiock) Control System Design. SAE Paper
No. 690214, 1969.

43. Allbert, B. 3., and Walker, 3. C.: Tire to Wet Road Friction at High Speeds, In Proc.
Inst. Mech. Engrs., Vol. 180, Part 2A, No. 4, pp. 105-1 58, 1965-66.



_ 
Th- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- .

REFERENCES tConti nued )

44. Sabey, B. E.: The Road Surface in Relation to Friction and Wear of Tires In: Proceed-
ings of the Conference of Friction and Wear in Tires held at ERDE, Waltham Abbey,
October 1968. Paper 2. Ministry of Technology D. Mat. Rep. 157 , Junes 1969.

45. Maycock, G.: Experiments on Tire Tread Patterns. Road Research Laboratory Lab.
Rep. 122 , 1967.

3 46. Sugg, R. W.: Joint NASA-British Ministry of Technology Skid Correlation Study -
Results from British Vehicles. In Pavement Grooving and Traction Studies, the Proceed-
ings of a Conference held at Langley Research Center, Hampton, Virginia, U. S. A.
Paper 24, NASA SP-5073, Nov. 1968.

47. Moore, D. F.: An Elastohiydrodynamic Theory of Tire Skidding. Paper presented at
12th FISITA Congress, Barcelona, Spain, May, 1968.

48. Sabey, B. E., et al: Factors Affecting the Friction of Tires on Wet Roads. SAE paper
700376, 1970.

49. Staughton, G. C.: The Effect of Tread Pattern Depth on Skidding Resistance, Road
Research Laboratory Lab. Rep. 323, 1970.

50. Leland, T.J.W. and Taylor, G. R.: An Investigation of the Influence of Aircraft Tire -
Tread Wear on Wet-Runway Braking. NASA TN D-2770, 1965.

51. Baker, W. E. and Wilfred 3. W .: Similarity Methods in Engineering Dynamic Theory and
and Practice of Scale Modeling, Sparton Books, 1973.

52. Williams, I.: Skidding Resistance of Runway Surfaces. Aircraft Engineering, September
1971 , pages 6-9.

53. Dreher, Robert C. and Tanner, John A.: Experimental Investigation of the Cornering
Characteristics of a C4OX 14-2 1 Cantiliver Aircraft Tire. NASA TN D-7203, 1973.

54. Tanner, John A. and Dreher, Robert C.: Cornering Characteristics of a 40X l4-16
Type VII Aircraft Tire and a Comparison with Characteristics of a C4OX 14-2 1 Cantihiver
Aircraft Tire. NASA TN D-735 l, 1973.

55. MAINSTREAM - CTS (STAT-PK) Statistical Package Reference Manual Boeing
f Computer Services (BCS), 1974.

56. Anon.. “Programme for correlating Equipment in Measuring Runway Braking Action”
Final Report, (CÁO, Feb. 22, 1974.

57 . Merritt , L. K., “Concorde Landing Requirement Evaluation Tests” Report No. FAA-FS-
160-742, August 1974.

187



- —&..• - • 
- ___._- - . —.•

REFERENCES (Concluded )

58. Anon, “Scandinavian Procedures of Determining and Reporting the Braking Qualities of
Icy or Snow Covered Runways” SAS Rep. GP/ 136, August 19 , 1 960.

59. Anon, “Measurement of Runway Friction Characteristics on Wet , Icy or Snow Covered
Runways.” Report No. FAA-FS-160-65-68- l, Apri l  1, 1971.

• 60. Anon, “Stradographe, Apparatus for Measuring Slipperiness” Brochure in French, CEBTP ,
Paris.

61 . Annual Book of ASTM Standards, American Society for Testing and Materials, Part II.

62. Foxworth, T. G. and Marthinsen, H. F. (ALPA): “Another Look at Landing and Stop-
ping Criteria” AIAA Paper No. 74-956, presented at AIAA 6th Aircra ft Design, Flight
Test and Operations Meeting, Los Angeles, California, August 12-14 , 1974.

63. Ferrarese, 3. A. (FAA) “Influence of Runway Traction onOperation of Jet Transport
Aircraft ,” Ibid, Paper No. 74-958.

64. Hom e, W . B. and Joyner, U. I. : “Pneumatic Tire HydropLaning,” SAE Paper No. 650145
• (Inter-Auto Engr. Conf., Detroit , Michigan 1965).

65. Stocker . A. 3. et al: “Variables Associated with Automobile Tire Hydroplaning” Texas
Transportation Institute Research Rep. # 147-2 , College Station, Texas , September 1972.

66. Meyer, W . E., Hegmon, R. R. and Gillespie, T. D.: “Locked Wheel Pavement Skid Tester
Correlation and Calibration Techniques,” Report TFSC 7 118 , Pennslyvania State
University, Dcc. 1971.

67. Smith, H. A., “Pavement Skid Resistance - A Summary of NCHRP Research,” Better
Roads, April 1972, pp 21-25.

68. “Measurement and Notification of Runway Braking Action in Ice, Snow , and Slush,”
NOTAM No. 849/1969, United Kingdom Board of Trade, Civil Aviation Department,
Aeronautical Information Service, Tolcamne Drive, Pinner, Middlesex, December 1969.

I
69. Information Circular, “Use of James Brake Decelerometer ,” Canadian Department of

Transport , Air Service Civil Aviation Branch, 0/6/70, 23 February.

.1

188 

- - • — - - —• —


